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 The stages of sugar cooking, although long-existing and widespread in the 
confection industry, are lacking in thermal behavior profile descriptions, which are crucial 
to confection functionality. Thermal behavior parameters, such as the glass transition 
temperature (Tg), are indicative of confection material structure and textural behavior. Tg 
plays an important role in governing the quality and shelf life of sugar-based confection, 
and is influenced by moisture content, formulation, and other factors. This study aimed to 
connect thermal behavior parameters to the stages of sugar cooking. Thus, the objective of 
this research was to investigate the thermal behavior of the six stages of sugar cooking, as 
well as representative commercial confections from each stage. A model sugar-based 
confectionery system was developed and representative commercial confections belonging 
to each stage of sugar cooking were selected. The model system consisted of a 70:30 ratio 
of sucrose to corn syrup and a 70:30 ratio of solids to moisture. To investigate the thermal 
behavior of the stages of sugar cooking, differential scanning calorimetry (DSC), moisture 
content, and water activity analyses were conducted for the model system and 
representative commercial confections. The average Tg midpoint of the model system 
increased from thread to hard crack stage, corresponding to loss of water from increased 
cooking time and temperature. The Tg midpoint and moisture content of the model system 
had a near-linear relationship, with proportional changes between each stage, aside from a 
smaller change between soft ball and thread stage. However, this was not observed for the 
representative confections. The changes in average Tg midpoint and moisture content 
between stages were not proportional, and did not follow the order of the stages of sugar 





Tg than that of the average firm ball confection, despite firm ball confections having a lower 
cook temperature range than hard ball confections. The hard crack stage had the most 
similar thermal behavior between the model system and representative confections. These 
discrepancies between model system and representative confection thermal behaviors 
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Chapter 1: Literature Review 
1.1 Introduction 
Sugar’s involvement in art, medicine, and confectionery products has a long and 
elaborate history, as its story reflects general changes in the world. In the 11th century, 
sugar was not regarded as a treat, but as an important component in medicine to combat 
bitterness and provide efficient delivery of medicine. In the 15th century, confectioners 
crafted extravagant and intricate sugar sculptures for the rich and noble, not intended for 
consumption (McGee 2004). It was not until the 16th century where confections was 
regarded similar to how it is used today, as a sweet treat, though still exclusively for the 
rich and noble (Day 1997). By the 17th century, the stages of sugar cooking were developed 
to categorize confections by six stages, defined by their physical property and cook 
temperature range (McGee 2004). Modern confections are only possible due to 
advancements in technology, leading to the increase in sugar production and automated 
mass-production of confections. Throughout history, sugar was able to be utilized in so 
many different fashions due to its innate sweetness and varied functionality. As a main 
ingredient in sugar-based confections, sugar ultimately dictates the confection’s structure, 
textural behavior, and stability. Sugar can form amorphous and crystalline states, both 
states imparting unique texture qualities to a sugar-based confection. For example, a mix of 
crystalline and amorphous sucrose is found in fudge to impart a soft texture with a clean 
bite; while only amorphous sucrose exists in hard candies to impart a hard, brittle texture 





different kinds of deterioration from moisture (Nowakowski and Hartel 2002, Billings and 
others 2006, Yu and others 2008, Ergun and others 2010, Schmidt 2012, Scholl and 
Schmidt 2014). There are many other ingredients in addition to sucrose in a sugar-based 
confection to increase stability and aid in achieving a confection’s ideal texture. For 
example, corn syrup is commonly used in many confections as a doctoring agent to prevent 
unwanted crystallization, in these confections unwanted crystallization leads to quality 
deterioration and possibly end of shelf life (Hartel and Hartel 2014a). Each type of 
confection has its own base formulation and typical processing methods, yielding a unique 
confection with specific material structure and texture attributes. Material structure and 
texture profile are influenced by factors such as moisture content, water activity, 
crystalline content, cook temperature, formulation, and thermal behavior parameters. 
Thermal behavior parameters, such as the glass transition temperature (Tg), dictate 
material structure and texture through its relationship to solid mobility and physical state. 
The thermal behavior profile of some sugar-based confections have been described in the 
literature, such as caramel, marshmallow, and hard candy. However, there are some sugar-
based confections where, to-date, no thermal behavior profile data has been found in the 
literature. Additionally, no thermal behavior profile data has been found for the stages of 
sugar cooking in the literature. Incorporating thermal behavior profiles into the stages of 
sugar cooking will strengthen its scientific foundation and broaden its value as a tool for 
producing sugar-based confections. Thus, the objective of this study is to investigate the 
thermal behavior of a model sugar-based confectionery system as a function of the six 
stages of sugar cooking, as well as representative commercial confections from each sugar 





1.2 History of Confections and Sugar Art 
The history of confections and sugar art dates back to the main ingredient, sugar 
cane, Saccharum officinarum, which was first used as a crop in New Guinea around 8000 BC 
(Hartel and Hartel 2014b). Figure 1.1 shows an image of Saccharum officinarum. Around 
2000 BC, the earliest known record of candy was crude drawings on tombs that showed 
confectionery processes (Gott and Van Houten 1958a).  People in India had developed the 
process of making unrefined sugar dating back to before 500 BC which involves pressing 
out juice from sugar cane and concentrating it by boiling (McGee 2004). This unrefined 
sugar was not like modern-day white sugar, it was a dark mass of syrup-coated crystals.  
Dating to a couple of centuries following the production of the unrefined dark mass 
of syrup-coated crystals, Indian medical texts cite washing the dark syrup coating from the 
sugar crystals to yield the first refined white sugars (McGee 2004). The “Arab Agricultural 
Revolution” during medieval times led to sugar cane spreading throughout Mesopotamia. 
Along with that, larger-scale processing of cane sugar became more common. In 10th 
century Egypt, feasts were decorated using sugar models of trees, animals, castles, as well 
as other objects (McGee 2004).  Confectionery products were beginning to take form 
around the world at this time; when Marco Polo visited China from 1270-1295, he found 






Figure 1.1. Saccharum officinarum (National Tropical Botanical Garden 2016). 
Tracing back to the 11th century, Europeans treated sugar like a flavoring and a 
medicine, similar to other exotic imported goods such as pepper and ginger (McGee 2004). 
Sugar was utilized in various ways in medicine through its sweetness and functionality. The 
sweetness of sugar helped combat the inherent bitterness of drugs, which is still seen in 
many modern day medicines (i.e. cough drops).  When incorporated into a tablet or 
lozenge, sugar contributed to a slow and gradual dissolving and release of medicine, which 
led to more palatable and efficient medicine. 
The medicinal uses of sugar began to decrease as more people became aware of its 
sweetening and preserving properties that could be used in candy making (Day 1997). 
Medieval Arab cooks were amongst the first people to make non-medicinal confections 
with sugar in 13th century Baghdad. Their work resembled that of modern day pulled sugar 
and marzipan confections.  For example, dry halwa is a traditional Arabic candy that was 
created by dissolving sugar in water and boiling until it set. The word ‘halwa’ means sweets 





iron stake, similar to pulled sugar, and stretched until white. These Arab cooks were 
pioneers in the confection and sugar art world.  
By the 15th and 16th century, candy making became even more established as an art 
form as it was practiced with great sophistication to create increasingly intricate designs 
(McGee 2004). Figure 1.2 shows a rendition of a royal wedding that showcases a banquet of 
extravagant sugar sculptures, which became a normalcy for the noble and royal families. 
Additionally, during this time, molten sugar was first documented to be spun into delicate 
threads, similar to modern day spun sugar. This may be the first time confectioners were 
beginning to think about the chemistry behind confections, as they developed ways to 
determine different stages of sugar syrup cooking, which will be elaborated on in the next 
section.  
The Tudor period, which took place during the 16th century, was crucial in installing 
sugar’s role in signifying the end of a meal (Day 1997). A noble lord would eat comfits, 
which were sugar-coated spices and seeds, or drink hypocras, which was a spiced sweet 
sweetened with sugar to “close” their stomach following a meal. Likely, the digestive and 
warming properties of sugar led to its usage after meals. Up until this point in time, sugar 
and confectionery work was reserved chiefly for the noble and wealthy, as it was an 







Figure 1.2. Sugar banquet for the wedding of the Duke of Julich-Cleves-Berg dating back to 1539-90 
(Getty Research Institute 2015). 
In 1747, Andreas Marggraf, a Prussian chemist, developed a process to extract the 
juice from sugar beet and purify it to crystals similar to sugar cane. Marggraf’s work, along 
with increased sugar production as a result of colonial rule and large sugar plantations, 
made sugar cheaper and more accessible to the public (McGee 2004). Implementation of 
beet sugar did not really occur until the early 1800s, though this development helped 
increase the availability of sugar. Therefore, from the 1800s until the mid-1900s there was 
a time period of heightened candy development (Hartel and Hartel 2014c).  
During this time, sugar usage evolved to create modern-day candies, confections, 
and chocolates. Many well-recognized national brands of candy were established in the 19th 
century. The improvement of automated processing technology also helped the candy 
industry. Also during the 19th century, the control of crystallization was refined, which aids 





century the incorporation of corn syrup revolutionized the candy industry, as it accounts 
for around 25% by weight of many candy products (Gott and Van Houten 1958a). Corn 
syrup is composed of many long glucose chains, which aids in preventing unwanted 
crystallization to create more shelf-stable candy. Table 1.1 depicts a timeline summating 
the aforementioned events important to development of sugar and confections. 
Table 1.1. Timeline of Sugar and Confections adapted from multiple sources (Gott and Van Houten 
1958a, Day 1997, McGee 2004, Hartel and Hartel 2014b and c).  
Period of Time Description  
8000 BC Sugarcane was first developed as a crop in 
New Guinea 
2000 BC  Earliest known record of candy or 
confections 
500 BC Processing of sugar cane in India to 
produce unrefined sugar (dark mass of 
syrup-coated crystals) 
8th-13th Century “Arab Agricultural Revolution” spreads 
sugarcane through Mesopotamia along 
with larger-scale processing 
15th-16th Century Confection-making experiences growth as 
an art form 
17th Century Le Confiturier François contains first 
record of stages of sugar cooking 
1747  Sugar beet is processed and utilized as a 
sugar source  
18th-19th Century Period of intense candy development 
19th Century Evolution to modern-day candies; many 
national brands developed 
20th Century Corn syrup revolutionizes candy industry 
 The improvements in automated mass-production and refrigeration capabilities 
during the 20th century were crucial to the evolution of candy making from an art to a 





changes within confections as they were created and stored, they were able to improve the 
stability with ingredients such as corn syrup and temperature-controlled storage. The 
typical shelf-life of candies was previously 3-4 months, and was able to increase to 6-12 
months during this time period (Alikonis 1979a). Investigating the thermal behavior of 
confections, as proposed in the research herein, will further scientific understanding of the 
material structure and textural properties. 
1.3 Stages of Sugar Cooking 
When cooked to different temperatures, sucrose and water mixtures take on 
different physical properties. The stages of sugar cooking is prevalent in literature and 
organizes the stages by temperature and physical properties of the sugar and water 
mixture. It is important to have these stages documented and differentiated between 
because the density and temperature of the syrup used by a confectioner is of critical 
importance as it influences the final product texture. However, it is important to note that 
no specific formulation or composition of the sugar syrup was found in the literature. 
Le Confiturier François, “The French Confectioner” is a book that dates back to the 
17th century written by François Pierre de La Varenne that contains some of the earliest 
documentation of the sugar cooking stages (La Varenne 1650).  Instead of the six modern 
stages of thread, soft ball, firm ball, hard ball, soft crack, and hard crack; the six stages were 
described as à lissé (smooth or thread), à perlé (pearled), à souflé (blown), à la plumé 
(feathered), à cassé (cracked), and à brulé or le caramel (caramel) (Day 1997). The stages 
are described in relation to how the syrup behaves following cooking. Additionally, some 





used for making preserves and tablets (McGee 2004). Table 1.2 shows a summary of the 
stages of sugar cooking as used from the 16th to the 19th century and includes further 
breakdown of the main six stages, compared to the modern version (Day 1997). 
Table 1.2. Summary of stages of sugar cooking from 16th to 19th century with stages similar to six 
modern stages in bold (Day 1997). 
Stage Description Temperature 
Le petit lissé   Smooth, sleeked, full syrup, 
small thread 
215-220 °F/101-104 °C 
Le grand lissé   Great thread, Manus Christi 220 °F/104 °C 
Le petit perlé Little pearl, pearled 223 °F/106 °C 
Le grand perlé Great pearl 225 °F/107 °C 
La petite queue de cochon The little pig’s tail  227 °F/108°C 
La grande queue de cochon The great pig’s tail 229 °F/109 °C 
Au soufflé, a rozat 
(thread) 
Blown, bloom, candy height, 
blown away 
230-235 °F/110 -113 °C 
Le petit plume (soft ball) Small feathers, little feather 240 °F/116 °C 
Le grand plume Large feather, casting height 245 °F/118 °C 
Le petit boulet (firm ball) Little ball, small bullet, soft 
ball 
247 °F/119 °C  
Le gros boulet (hard ball) Great ball, new ball, fondant 250 °F/121 °C 
Petit cassé (soft crack) Small crack, spinning height 280-290 °F/138-143 °C 
Grand cassé (hard crack) Broken, cracked, crack, 
crackled, snap, large crack 
312 °F/156 °C 
Le caramel or à brulé Caramel, carmel, carmeled, 
burnt  
350 °F/ 177 °C 
In the modern version of the stages of sugar cooking, the table has been condensed 
into 6 stages: thread, soft ball, firm ball, hard ball, soft crack, and hard crack. Though some 
minor details may differ between sources, the main concepts of the stages of sugar cooking 
are consistent and can be seen in a summarized version in Table 1.3. Similar to the 16th-
19th century version, the stages are organized by temperature, physical property and 





stages of sugar cooking was created, or how the example confections were selected. It is 
likely that the example confections have evolved beyond their characterization within the 
sugar cooking stages, as there is a variety of textures observed within a single type of 
confection (i.e. soft and hard taffies). The stages of sugar cooking are thought to be 
recognized beyond the United States, as the original idea of sugar cooking stemmed from a 
French book, though exact sources of the modern table have not been found from other 
countries. Origins for the cold water test, used for the description in modern stages of sugar 
cooking, are also unknown. It is likely this came about around the same time as the modern 
stages of sugar cooking. 
Table 1.3. Modern stages of sugar cooking adapted from multiple sources (Gott and Van Houten 
1958b, McGee 2004, AT Media 2008, ThermoWorks 2010, Just a Pinch Recipe Club LLC 2012, Laws 
of Baking 2013, Hartel and Hartel 2014d, Science and Food 2014, Visionlearning Inc 2014, Vox 
Media Inc 2014, Exploratorium 2015, iFood Media LLC 2016, Sarah Phillips Inc 2016, Tecstra 
Systems 2016). 
Stage Description Temperature Confections 







Soft Ball Forms soft, flexible ball in 
cold water that flattens 







Firm Ball Forms firm ball in cold 
water that holds shape 
when removed from cold 




Hard Ball Forms hard ball in cold 
water that retains shape 
when removed from cold 






corn, rock candy, 
gummy candy 






Hard Crack Forms hard, brittle 
threads in cold water that 









 As the temperature increases through the stages of sugar cooking, increasing 
solubility with increasing temperature allows more sugar to dissolve in solution, in 
addition, the moisture content and physical properties of the sugar-water mixture are also 
changing (Ergun and others 2010). The sugar dissolving and water leaving through 
evaporation both influence boiling point elevation. Figure 1.3 shows the relationship 
between boiling point and solution concentration, or moisture content to illustrate boiling 
point elevation. The moisture content decreases through the stages of sugar cooking as the 
cook temperature increases, which yields less sticky harder confections with increased 
stability. Moisture content is often indicative of a confection’s material structure and 
textural behavior, as seen with decreasing moisture content imparting harder texture. 
Investigating additional physical properties and incorporating them into the stages of sugar 
cooking, such as the glass transition temperature, will both strengthen its scientific 
foundation and broaden its value as a tool for producing sugar-based confections. 
 
Figure 1.3. Boiling point elevation line for glucose (red, top), sucrose (blue, middle), and 43 DE corn 





1.4 Chemistry of Confections 
Crystalline and Amorphous States 
 The state of a material directly affects its quality and stability. A solid material can 
either be in the amorphous or crystalline state, or a mixture of both states, termed semi-
crystalline. If a material is semi-crystalline, each state retains its individual properties in 
terms of equilibrium, entropy, and enthalpy. The amorphous state is non-equilibrium due 
to excess free energy and entropy, while the crystalline state is an equilibrium state due to 
its lower energy and entropy (Yu and others 2008). Amorphous materials are organized in 
a short-range molecular order similar to liquids, and crystalline materials have a long-
range, 3D molecular order. 
The differences between the crystalline and amorphous state of a material can be 
seen through differences in their water sorption behavior (Yu and others 2008). See Figure 
1.4 for a comparison of water sorption behavior between crystalline and amorphous 
sucrose. The amorphous state is not as thermodynamically stable as the crystalline state, 
which leads to a tendency for amorphous material to devitrify, or recrystallize upon 
sorption of a sufficient amount of moisture from the environment (Yu and others 2008). 
Amorphous materials sorb water at all water activity values and, thus, have a tendency to 
become sticky and cake, which results in a loss in textural stability (Makower and Dye 
1956). Crystalline materials are more thermodynamically stable than amorphous materials 
due to the ordered state of molecular arrangement. Crystalline materials are less likely to 
pick up moisture from the environment because the greater degree of order and structure 
reduces its permeability (Ergun and others 2010).  Therefore, the crystalline state is more 





mostly resist moisture-induced stability issues until the material’s deliquescence point is 
reached. However, crystalline materials can experience capillary condensation, which leads 
to caking below its deliquescence point (Scholl and Schmidt 2014). Capillary condensation 
occurs when moisture directly condensates into confined spaces, formed by contact points 
of sugar crystals in a packed bed, as well as surface defects, leading to surface dissolution 
and formation of liquid bridges between the sugar crystals (Billings and others 2006). The 
liquid bridges can then re-crystallize into solid bridges if the moisture is removed, causing 
caking. The relative humidity (%RH) at which capillary condensation begins is dependent 
on the size of the confined space between sugar crystal contact points, with a larger 
capillary experiencing capillary condensation at higher %RH. Figure 1.5 illustrates a 
proposed schematic of caking induced by humidity in crystalline materials via 
deliquescence and capillary condensation.  
Sorption isotherms can be used to identify if a material is in the crystalline or 
amorphous state. Amorphous sucrose will exhibit a type II isotherm up until moisture-







Figure 1.4. Water sorption isotherms of crystalline and amorphous sucrose compared relative to 
%RH and moisture content (Schmidt 2012). 
 
Figure 1.5. Proposed schematic of caking in crystalline materials via deliquescence and capillary 
condensation (Scholl and Schmidt 2014). 
Crystallization 
 The crystallization process is best explained by Le Châtelier’s principle (ACS 2014a). 
This principle states that when a system is shifted away from equilibrium, it has the 
tendency to restore equilibrium by reacting oppositional to the shift. Crystallization occurs 





the system to generate energy and crystallize in opposition to the temperature change (ACS 
2014a). Formation of chemical bonds is an exothermic process, thus the sucrose molecules 
in solution will bond to existing crystal nuclei and generate energy, resulting in crystal 
formation and growth.  
 Crystallization consists of two main steps, nucleation and crystal growth (Makower 
and Dye 1956).  In order for crystallization to occur, a supersaturated solution of sucrose in 
water must be made (Hartel 2013). During dissolution, the water molecules bind to the 
sucrose and separate the sucrose molecules, dissolving the sugar into solution. When sugar 
is added to water, the sucrose molecules separate from themselves because they have a 
stronger attraction to water than they do to themselves (ACS 2014a). Sucrose molecules 
are able to move freely in solution and bind to other sucrose molecules to form crystal 
nuclei. The crystal nuclei will form as the supersaturated solutions cools, as the solvent can 
no longer suspend all of the dissolved sucrose molecules as the temperature decreases. 
Nuclei form either through homogenous primary nucleation, heterogeneous primary 
nucleation or secondary nucleation (Hartel 2013). Homogenous primary nucleation is 
based on molecular organization of the crystallizing-species into a crystal lattice on its own 
accord. Heterogeneous primary nucleation starts from a solid foreign substance, such as a 
dust particle, and occurs at a faster rate than homogenous primary nucleation. Secondary 
nucleation occurs when crystals of the crystallizing species generate new nuclei from 
contact mechanisms. Nucleation is the rate determining step of crystallization because the 
structuring of the dense liquid precursor into an ordered cluster or nuclei is a time-
consuming process (Erdemir and others 2009). Once nuclei formation has occurred, 





crystal lattice structure (Hartel 2013). Sucrose molecules will diffuse to the interface of the 
crystal while water molecules diffuse away from the interface. This phase change results in 
a release of latent heat. The system will come into dynamic equilibrium, where the 
dissolution rate is equal to the crystallization rate. 
Controlling sugar crystallization will allow generation of crystals of desired size and 
shape in a reproducible manner. Nucleation influences the crystal properties, such as 
crystal structure and size distribution (Erdemir and others 2009). A slower cooling rate 
encourages crystal formation because the nuclei are given proper time to form (ACS 
2014a). A quick cooling rate will not give nuclei time to form, discouraging crystallization. 
A quick cooling period yields an irregular amorphous structure, rather than crystalline, due 
to the sucrose molecules binding together in no particular order. Crystal size is also 
influenced by whether there is agitation or not during the cooling period. To encourage 
large crystal formation, the syrup should be not agitated to avoid interference with crystal 
structure formation (Makower and Dye 1956). This is practiced in the making of rock 
candy, where large sugar crystals are given days to form with no agitation. To encourage 
small crystal formation, constant agitation during the cooling period will force the sucrose 
molecules into contact in solution to promote nuclei formation and crystal growth (ACS 
2014a). A larger amount of nuclei correlates to more crystals because there are more 
opportunities for sucrose molecules to come into contact with these nuclei. 
Crystallization is very important in confections and sugar art because it affects the 
physical and textural properties of the material. Proper control of the extent of 
crystallization can be utilized to yield ideal sensory properties of a confection. Some 





crystalline to varying extents of crystallization. Understanding the degree of crystallization 
in a material will allow for proper storage conditions and handling to extend the shelf life.   
Glass Transition Temperature 
 The glass transition temperature (Tg) can be defined as the temperature range over 
which an amorphous material undergoes a state transition from the glassy to rubbery state 
(ACS 2014b and c).  The amorphous state is divided into the glassy state and the rubbery 
state. An amorphous glassy material has a high internal viscosity and low internal mobility, 
whereas the rubbery state is more fluid-like (Ergun and others 2010). In the 1980s, the 
polymer science approach was introduced to food materials by Slade and Levine (Slade and 
Levine 1991, Ergun and others 2010). Tg is a second order phase transition because there 
is no enthalpy change associated with the phase transition, only a change in heat capacity 
(ΔCp) (Hartel and others 2011). Tg is best described as occurring over a range of 
temperatures; Tg onset, Tg midpoint and Tg endpoint, rather than a single temperature. 








Figure 1.6. Sucrose-water State Diagram with glass transition curve (Schmidt 2012). 
The glass transition is dependent on a multitude of factors. The type of sugar 
influences the Tg due to differences in molecular weight. A higher molecular weight is 
correlated with a higher Tg (Smidova and others 2003). For example, the Tg of amorphous 
sucrose is 62 to 70°C while the Tg midpoint of glucose is about 37°C (Wungtanagorn and 
Schmidt 2001, Ergun and others 2010). It is important to note that molecular weight is not 
the only factor affecting Tg, as there are sugars with the same molecular weight but 
different Tg values, such as fructose and glucose with a Tg midpoint of 5°C and 37°C, 
respectively (Wungtanagorn and Schmidt 2001). Water content affects the Tg, where 
higher water content depresses the Tg. Figure 1.6 shows a sucrose-water state diagram 
that illustrates the relationship between water content and Tg. The amorphitization 
method used also affects the Tg. Typically, amorphous material formed through melting 
and quench cooling exhibit a lower Tg due to thermal degradation (Einfalt and others 
2013). For example, Surana and others (2004) found that dehydrated trehalose exhibited a 





Additionally, the Tg is impacted by the extent of thermal decomposition that occurs during 
heating (Lee and others 2011a and b). Heat treatment leads to creation of thermal 
decomposition compounds with lower molecular weight than sucrose, decreasing the Tg. 
Further heat treatment causes polymerization of sucrose, forming compounds with higher 
molecular weight, increasing the Tg (Vanhal and Blond 1999). Therefore, thermal 
decomposition broadens the glass transition temperature range of sucrose up to a final 
heating temperature of about 230°C, where the glass transition range will begin to 
decrease. Figure 1.7 illustrates the change in Tg as a function of final heating temperature.  
 
 
Figure 1.7. Change in sucrose Tg midpoint and Tg range as a function of final heating temperature 
(Vanhal and Blond 1999). 
A decrease in diffusivity or an increase in viscosity can cause a material to enter the 
glassy state and prevent crystallization from occurring due to the limited molecular 
mobility. Molecular mobility is outlined by the Tg. In the rubbery state, both rotational and 
translational motion occurs, whereas in the glassy state, macromolecular motion is 





limited to vibrational and short-range rotational motions, exhibited mostly by the water 
molecules within the food matrix rather than the sucrose molecules.  
The hardness of a sample is affected by the Tg, where the hardness will increase at 
an exponential rate as the Tg increases linearly; see Figure 1.8 for a visual representation of 
hardness as a function of Tg (Ergun and others 2010). In addition to hardness, Tg can be 
used to characterize additional sensory attributes of a confection. A low material Tg 
correlates to a soft and elastic texture at room or mouth temperature (Kasapis 2008). Thus, 
a high material Tg correlates to a hard and brittle texture at room or mouth temperature. 
Additionally, the release of flavor in a confection is affected by the Tg. A lower Tg results in 
a more rapid release of flavors, as the confection will soften and dissolve quicker in a 
consumer’s mouth (Hartel and Hartel 2014e).  For example, Tg values of hard candy can 
range from closer to room temperature to around 50°C to obtain desirable sensory 
attributes for that particular confection. Cough drops can be categorized as a hard candy, 
and typically have higher Tg values, yielding a confection that dissolves slowly over time 
and releases menthol and flavoring for a longer duration.  
 
Figure 1.8. Change in hardness relative to Tg of marshmallows stored at 25 C and 21% RH, with 





The glass transition temperature is an important parameter in regards to 
confections and sugar-art materials because the Tg will vary based upon the composition of 
the material, moisture content, method of formation, and extent of thermal decomposition. 
Different materials will have different Tg values, and different physical properties based on 
the glass transition. Thermal analysis methods such as Differential Scanning Calorimetry 
(DSC), can be used to determine and subsequently compare the Tg range between different 
confections and sugar-art materials (Thomas and Schmidt 2017).  
Stability 
As stated previously, the characteristic differences between crystalline and 
amorphous materials are influenced by their water sorption behavior, which can be seen in 
Figure 1.9. Keeping an amorphous material below its Tg will severely slow moisture-
induced stability issues. Amorphous materials are generally less stable than crystalline 
materials because amorphous materials sorb water at all %RH values. When amorphous 
sucrose is exposed to high relative humidity values, it will pick up moisture to a certain 
maximum and lose it at a rate that increases with increasing humidity (Makower and Dye 
1956). The loss of moisture in this process occurs with crystallization as well as caking. 
From a textural point of view, moisture uptake will lead to stickiness or graining in the 
product (Ergun and others 2010).  Graining, or sugar recrystallization, alters the textural 
attributes of confections, such as hard candy. Preventing textural deterioration involves an 
understanding of atmospheric relative humidity, temperature and other storage conditions. 
Keeping a confection below its Tg will help stabilize the confection and slow textural 





which facilitates crystallization, and leads to textural deteriorations, such as stickiness or 
loss in hardness. 
 
Figure 1.9. Amorphous sucrose state diagram with moisture content data from various studies (Yu 
and others 2008). 
For a crystalline material, keeping the material below its deliquescence point will 
slow most moisture-induced stability issues, aside from caking through capillary 
condensation as described previously. In crystalline materials, only a small amount of 
water is able to adsorb to the surface, unlike amorphous materials. The deliquescence point 
marks the relative humidity above which water is able to dissolve the crystal and the 
moisture content rapidly increases due to dissolution (Ergun and others 2010).  
 Cold storage of a sugar-containing material will encourage a phenomenon called 





confections. Sugar bloom occurs when changes in temperature cause the moisture from the 
surrounding air to condense on the surface of the confection and the surface sugar will 
begin to dissolve into the liquid. The newly acquired moisture will then evaporate or is 
absorbed deeper into the confection, causing the surface sugar to crystallize, giving a rough 
and white-colored coating. Sugar bloom can be avoided through airtight wrapping of 
confections if it needs to be held in cold storage for an extended period of time. It is 
important to reduce exposure to environmental moisture and temperature flux to avoid 
sugar bloom and other moisture-related issues. Sugar bloom is not to be confused with fat 
bloom, which results in similar visual and textural deterioration. Fat bloom is associated 
with chocolate that has not been tempered or stored correctly, and forms unstable 
polymorphs (Bricknell and Hartel 1998). A quick method to tell the difference between 
sugar and fat bloom is to subject a bloomed confection to a heat source (i.e. hair dryer) and 
if it melts, it is fat bloom, and if it does not, it is sugar bloom. 
 Many confection formulations include corn syrup because of the benefits it provides. 
Corn syrup is identified as a humectant, so it promotes retention of water and reduces the 
water activity (Ergun and others 2010). In addition, corn syrup is less expensive than 
crystalline sucrose. Another major benefit of adding corn syrup is to prevent unwanted 
crystallization. Corn syrup contains glucose chains of varying length from 1-10 glucose 
units (Brooks and Griffin 1987). The long carbohydrate chains of glucose slow the motion 
of the sucrose molecules, thus preventing graining (McGee 2004). In addition to decreasing 
molecular mobility, these long glucose chains are able to physically prevent crystallization 
because they are less water soluble than sucrose. Inhibiting graining in confections is 





shelf life. Corn syrup is the most common doctoring agent, as it promotes stability and 
prevents crystallization (Greweling 2013). Additional doctoring agents will be elaborated 
on in a further section. 
1.5 Components of Confections 
Sucrose 
 Sucrose is a disaccharide composed of glucose and fructose with the formula 
C12H22O11. The glucose and fructose are joined by an α14 glycosidic linkage. Sucrose does 
not undergo a true melting, thermodynamic phase transition. By definition, sucrose melting 
would result in a loss of crystalline structure, with no change in chemical composition at a 
single temperature independent of time and constant enthalpy, though this has not always 
been the case in past studies (Schmidt 2012).  Sucrose has been reported to melt at 
temperatures ranging from 160 to 192 °C. The melting point of sucrose in literature has a 
wide variation, attributable to heating rate dependency and thermal decomposition 
occurring in cane sucrose (Lee and others 2011a and b, Lu and others 2017). The work of 
Lee and others (2011a and b) proved that the initial loss of crystalline structure in sucrose 
was a kinetic process (temperature dependent) and is caused by thermal decomposition. 
Thus a new term, “apparent melting” was created to describe the loss of crystalline 
structure by kinetic processes, rather than thermodynamic processes (Lee and others 
2011a and b). The work of Lee and others (2011a and b) also showed that sucrose 
caramelization can occur at lower temperatures, when held at longer times, than 





in the literature, though is reported to be in the range of 62 to 70 °C (Ergun and others 
2010).  
Commercial sucrose is most often derived from canesugar or beetsugar. Originally, 
canesugar (Saccharum officinarum) was the first major sucrose source (McGee 2004). It 
originated in New Guinea and was eventually carried to Asia. The first unrefined raw sugar 
dates back before 500 BC. This raw sugar was made by pressing cane juice from the 
sugarcane and boiling it down to sugar. A few centuries after that, the first refined white 
sugar was made in India. They were able to refine the sugar by washing off the dark coating 
on raw sugar.  Sucrose is produced by green plants, canesugar and beetsugar, by 
photosynthesis (McGee 2004). In 1747 Prussian chemist Andreas Marggraf used brandy to 
extract juice from the beetsugar (Beta vulgaris) (McGee 2004). People turned to beet as a 
source for sucrose when the sugar industry declined because of the outlawing of slavery. 
The sugar industry rose again in 1811 when Napoleon freed France from their dependence 
on English colonies; previously they had no access to cane sugar (McGee 2004). At this 
time, beet sugar usage declined, but rose again in the 1840s and has been relevant since. 
Currently, 30% of sucrose in the world, and 45% in the US is beet sugar (McGee 2004, 
McConnell 2014).  
Modern day sugar cane refining involves crushing the cane to collect juice and then 
boiling off the juice’s water, similar to pre-industrialization sugar refining. Though 
modernization has led to the used of steam power for crushing the cane and vacuum pans 
are used to boil the juice at a reduced pressure and lower temperature. A multiple 
evaporator is used that recycles heat from evaporation stage to the next, which helps 





impurities from the sugar. The sugar is then whitened by decolorization. Granular carbon is 
used to absorb undesirables from the sucrose and then is filtered out (McGee 2004). Lastly, 
crystallization is carefully controlled to ensure uniformity. A small amount of impurities 
can make a noticeable difference in color of the sugar; this is undesirable for sugar art 
because aesthetic appearance is very important. The major difference between cane sugar 
and beet sugar production is that cane sugar production goes through two different 
processing steps to become refined, while beet sugar production is carried out in a single 
process (McGee 2004). Cane sugar production involves crystallization of the raw sugar in 
factories near the plantations; this is done because harvested sugarcane is very perishable 
and must be processed immediately. Sugar beets, on the other hand, can be stored for a 
period of time before being processed to sugar. In the US, SO2 is used in beet sugar 
processing to control color formation, improve boiling properties of the sucrose solution, 
and reduce the pH (McGinnis and Cossairt 1982).  
Corn Syrup 
Corn syrup, or glucose syrup, as described in the stability section, is a key ingredient 
used in a variety of confections. Corn syrup is derived from corn starch, though other forms 
of starch can be used, such as potato and wheat starch (Jackson and Howling 1995). 
Initially, corn syrup was produced by hydrolyzing the source starch with mineral acid such 
as sulfuric acid. Hydrolysis breaks down the starch by cleaving it to yield smaller 
fragments; partial hydrolysis produces glucose polymer fragments that vary in size (15-20 
glucose units) (Hartel and Hartel 2014a). Acid hydrolysis was eventually replaced with 
enzymatic hydrolysis, as acid hydrolysis could not yield a wide range of corn syrups 





30 and 55 dextrose equivalent (DE), restricted by the random nature of acid hydrolysis and 
undesirable side reactions. Dextrose equivalent represents the amount of reducing sugar 
from starch hydrolysis, assumed to be dextrose, expressed in a percentage dry basis. 
(Edwards 2000a). The most common type of corn syrup used in confections is 42 DE. 42 DE 
corn syrup solids have a Tg of 79 °C, which is higher than sucrose at about 62 to 70 °C 
(Ergun and others 2010). Currently, enzymes from Aspergillus oryzae and Aspergillus niger 
cultures are used to produce corn syrups (McGee 2004). These enzymes allow controlled 
alteration of the sugar ratio to yield specific DE corn syrups, with the most common 
enzymes being α-amylase, β-amylase and amyloglucosidase (Alikonis 1979b). In the 1960s, 
additional enzyme processing (introduction of isomerase) was utilized to develop high-
fructose corn syrups (McGee 2004).  
High-fructose corn syrup was initially well-accepted by consumers, as it was cost-
effective due to its high relative sweetness to sucrose and hygroscopicity. However, after 
peak high-fructose corn syrup usage in 1999, its use has declined. Controversial studies in 
the early 2000s were published, suggesting links between high-fructose corn syrup 
consumption and obesity (Klurfeld and others 2013). However, many of these studies were 
assuming this negative link relationship between high-fructose corn syrup consumption 
and obesity, based on experiments that proved that fructose had more negative effects on 
health than sucrose. High-fructose corn syrup cannot be assumed to behave like fructose, 
as it is a mixture of fructose and glucose, similar to the composition of sucrose. These 
studies were published during a time of increased concern for childhood and adult obesity 
in the United States; thus, spurring consumer fear of high-fructose corn syrup. Later studies 





response differences related to obesity or any other adverse health effects (Rippe and 
Angelopoulos 2013).  To this day, there is still literature supporting the notion that high-
fructose corn syrup has negative health effects, such as raising insulin sensitivity, based on 
the earlier controversy (Smith 2015). Many major food companies have reformulated high-
fructose corn syrup out of their products to comply with consumer demand.  
There is a wide range of corn syrup DE available, with different molecular weight 
distribution, resulting in a range of technical properties such as hygroscopicity (Hartel and 
others 2011). Corn syrup exhibits hygroscopicity, which increases with higher DE. The 
hygroscopic properties of corn syrup allow it to serve as a humectant, as described in the 
stability section (Alikonis 1979b). Higher DE also results in increased sweetness, stickiness, 
boiling point elevation, and potential to brown from the Maillard Reaction; along with 
decreased viscosity (Ergun and others 2010, Greweling 2013). Other specialty corn syrups 
such as high-maltose syrup and high-fructose corn syrup may not exactly follow these DE 
guidelines.  
 It is important to keep in mind that corn syrup differs in sweetness from sucrose in 
timing and intensity due to its sugar composition. The sweetness of corn syrup has a later 
onset than sucrose, peaks at half the intensity, and is detectable longer than sucrose 
(McGee 2004). These attributes can be effectively applied in confections, as corn syrup can 
make up as much as 75% of the sugar content of some confections. The amount of corn 
syrup in a confection’s formulation varies depending on its intended use, either to prevent 
sucrose crystallization completely or to limit it to an optimal amount. For example, hard 
candies incorporate a high ratio of corn syrup to sucrose (ex. 70:30 sucrose to corn syrup) 





contains a low ratio of corn syrup to sucrose (ex. 90:10 sucrose to corn syrup) as it is a 
partially crystalline confection whose desired texture is dependent on the presence of 
sucrose crystals. There are other types of confections that can be grained or ungrained, 
depending on the end product. For example, if ungrained nougat or marshmallows are 
desired, ensuring a higher ratio of corn syrup to sucrose will yield an ungrained, chewy 
product.  
Water 
 Water is an essential component in confections for processing of raw materials into 
finished confections. Water acts as a solvent, to dissolve the ingredients in and aid with 
mixing. Typically, between 20 and 35% by weight of water to sugar solids is required to 
dissolve a sugar mixture (Ergun and others 2010). The sugar molecules are attracted to 
other sugar molecules by intermolecular forces that are weaker than the bonds within 
atoms in a single molecule (ACS 2014a). The sugar molecules are attracted to water 
molecules through strong hydrogen bonds (Hartel and others 2011). Thus, when sugar is 
added to water, the sugar molecules separate from one another as their attraction to water 
molecules is stronger than their attraction to other sugar molecules. Sugar molecules being 
dissolved in water is crucial for sugar crystallization. The water molecules will desolvate 
form sugar molecules, encouraging sugar molecules to interact with one another and form 
nuclei.  
Water has a lower boiling point than sucrose, thus, cooking sucrose-water mixtures 
will cause water to evaporate from the solution, increasing the sucrose concentration. As 
the concentration of sucrose increases; due to the rapid rate of mass transfer during 





2011). At first the temperature rises gradually, though as the sugar concentration goes over 
80%, the boiling point rises more rapidly and the solution must be closely watched to avoid 
overshooting the desired temperature. Figure 1.3 shows boiling point curves for sucrose, 
glucose and 43 DE corn syrup.  
Water content ultimately affects the texture of a confection. High water content in 
amorphous confections, such as hard candy, can lead to graininess, stickiness, and a 
decrease in hardness; while low water content can yield a hard and brittle texture (Ergun 
and others 2010). If an amorphous confection is held below its Tg, its hardness will 
increase with decreasing water content. Amorphous confections may sorb moisture from 
its surrounding environment, especially if there is a large difference in water activity. A 
larger water activity difference between a confection and the air results in quicker 
moisture migration. Water activity is a colligative property that is affected by the number 
of molecules in solution. Water activity can be reduced by incorporating ingredients with 
lower molecular weight, such as corn syrup. Changes in water content typically cause end 
of a confection’s shelf life. For example, moisture loss in fudge results in hardening while 
moisture uptake in hard candy results in graining. 
Dairy Ingredients  
 Dairy ingredients can be found in many confections in the form of milk solids and 
butter. Confections are typically not formulated with liquid milk, as it incorporates too 
much water at 87.8% moisture content (Hancock and others 1995, Edwards 2000a). Skim 
milk solids are essential to confections such as fudge, caramel and toffee. Typically, when 
skim milk solids are incorporated in a confection, butter or vegetable oil is used to increase 





advantageous than whole fat milk as skim milk is more shelf-stable and cost-effective in 
formulation.   
Milk fat is comprised of a mixture of lipids, with 95 to 96% being fatty acid 
triglycerides, and the remainder being diglycerides, monoglycerides, cholesterol, free fatty 
acids, phospholipids and cerebrosides (Hancock and others 1995). The melting range of 
milk fat triglycerides is wide, from -40 to 72 °C, with a final melting point of 37 °C. With 
such a wide melting range, fractionation can be utilized to yield a harder or softer milk fat. 
Fractionation will crystallize and separate the triglycerides from milk to a desired level. 
Milk fat provides many functional properties including air incorporation, carrying flavor, 
yielding gloss, smoothness, moisture to the final product, reducing the tendency of chewy 
candies to stick to the teeth, and acting as a heat transfer medium (Hancock and others 
1995, McGee 2004). Milk proteins are also an important functional ingredient in 
confections, with casein making up 75 to 85% of milk proteins. When casein is precipitated 
from milk at its isoelectric point of 4.6, the supernatant that remains contains whey 
proteins. Whey proteins in particular have better heat gelation properties while casein has 
better emulsion stability. Overall, milk proteins provide many functional properties 
including forming and stabilizing emulsions, foams, contributing a browned flavor, and 
increasing viscosity with thickening and gelling abilities. Lactose is the native sugar in milk, 
and is a disaccharide reducing sugar. Lactose can participate in the Maillard reaction, 
yielding browned flavor notes and color to the end product.  
 Sweetened condensed milk is incorporated into confections as a form of milk solids, 
with full-fat and skim milk forms. Sweetened condensed milk is produced by adding 





homogenized (Hancock and others 1995). Incorporating sweetened condensed milk can 
yield a smoother texture and mouthfeel, as its milk proteins are less damaged than other 
products such as milk powder (Edwards 2000a). Evaporated milk is similar to sweetened 
condensed milk, it is just unsweetened. Evaporated milk is typically not incorporated into 
confections as it does not provide any technical or economic advantages compared to other 
similar milk products. Milk powder, similar to sweetened condensed milk, has full-fat and 
skim milk forms. Milk powder can be used to seed confections, encouraging crystallization 
(Greweling 2013). Milk powder is made from milk by spray drying. Spray drying can lead to 
enzyme-related issues as it is not a severe heat treatment (Edwards 2000a). Native lipase 
of milk is easily deactivated, though bacterial lipases can be produced during storage that is 
more heat resistant. These bacterial lipases produce free fatty acids from glycerol, which 
can produce off-flavors such as cheesy and soapy. At a desirable level, free fatty acids can 
yield a pleasant buttery flavor. Butter is a key ingredient in some confections such as 
butterscotch and toffee. Cream is churned to create butter, a water-in-oil emulsion, 
containing about 15% water (Edwards 2000a). Butter contains milk proteins and lactose, 
contributing to the Maillard reaction. Containing milk proteins, lipid, and sugar, butter 
provides all of the functional abilities these individual components possess.  
Vegetable Oils  
 Vegetable oils are a common lipid source incorporated into many confections. Some 
common vegetable oil sources are coconut, maize, cottonseed, olive, palm, palm kernel, 
peanut and soybean (Edwards 2000a). Refined vegetable oils follow a general processing 
flow consistent of: extraction, degumming, neutralization, bleaching, and deodorization 





enhancement, yielding a chewy texture, providing body, and inhibiting moisture absorption 
when fully emulsified (Alikonis 1979c). Vegetable oil is typically incorporated in 
confections as a partial replacement for milk or butter fat as it is more cost efficient, with a 
lesser amount of milk or butter fat remaining to still provide its distinct flavor (Hartel and 
Hartel 2014f). Different vegetable oils possess different functional properties, as they have 
different fatty acid compositions. For example, palm oil contains higher amounts of C18 
fatty acids while palm kernel oil contains higher amounts of C12 fatty acids, thus palm oil 
has a higher melting point due to its higher percentage of long chain fatty acids (Edwards 
2000a).   
Vegetable oil composition can be manipulated through blending, hydrogenation, 
fractionation, and interesterification to yield a lipid with desirable properties specific to its 
intended use. Blending is the simplest modification form as it simply involves mixing 
different vegetable oils to obtain desirable properties of the component vegetable 
(Hancock and others 1995). The component oil present in the larger amount will have a 
larger influence on the blend’s properties. Hydrogenation involves adding hydrogen to 
double bonds of fatty acids to decrease unsaturation, yielding a semisolid, plastic fat. 
Fractionation involves splitting oil into high and low melting components, thus only the 
desired fraction can be utilized in a confection. Interesterification involves heating the lipid 
under vacuum conditions to randomly arrange the fatty acids on the triglycerides. This will 
alter the physical properties, typically used to create more plastic fats.  
Gums and Gelling Agents 
 Gums and gelling agents are large proteins, gum, or polysaccharides commonly 





interact with themselves in a confection to form a three-dimensional structure within the 
sugar solution (Edwards 2000a, Hartel and Hartel 2014g). When used in a higher moisture 
confection, with 18 to 20% moisture, the three-dimensional gel network provides structure 
to the sugar solution, as the sugar solution would flow freely otherwise. Starch 
gelatinization is a process that starches, a popular gelling agent, undergo, yielding 
stabilizing abilities. The general process of gelatinization is as follows (Hartel and Hartel 
2014h). As the system is heated, the crystalline regions melt and water molecules are 
incorporated into the three-dimensional structure. This causes the granule to swell, and 
increases the overall viscosity as amylose is released, the granules eventually completely 
burst. As the mixture is cooled, the released amylose in solution will gel to provide a firm 
texture. There are many different gums and gelling agents including: gelatin, starch, gum 
acacia, pectin, xanthan gum, and others (Edwards 2000a). These all have different sources, 
chemical make-up, and properties; thus are ideal in different confections. Gelation of the 
gelling agents controls water within these confections and dictates the final texture (Ergun 
and others 2010). Gums do not self-associate like gelling agents to form a gel, although they 
have high molecular weight and add viscosity to a solution. (Edwards 1995). 
 Gummy candies, by definition, are made with gelatin as they yield an elastic and 
gummy texture unique to gelatin-containing confections (Hartel and Hartel 2014g). Gelatin 
is produced by hydrolyzing (acid and alkaline) animal collagen (Edwards 2000a). On the 
other hand, jelly candies are made with any other gelling agent except for gelatin (Hartel 
and Hartel 2014g). Starch jelly candies still have a chewy texture from the starch, though it 
is less elastic than a gelatin-containing confection. Jelly candies commonly contain starch as 





also a common gelling agent used in jelly candies. Pectin is an acidic polysaccharide of 
galacturonic acid monomers, which naturally occurs in plant cell walls. Pectin yields a 
unique short, tender, somewhat brittle texture. Pectin is typically used as high methoxyl 
pectin, which is naturally found in fruit. High methoxyl pectin is ideal for confections, as it 
requires high sugar content and acid to gel (Hartel and Hartel 2014g). Gum arabic, or gum 
acacia, is another common gelling agent that is derived from Acacia senegal tree sap. Gum 
arabic yields a uniquely firm, yet soft texture. Different gums and gelling agents can be 
blended within confections to obtain ideal confection properties.  
Coating Ingredients 
 Various confections have an outer coating, typically added to contrast the center 
texture, increase stability, or improve the physical appearance. A common form of coating 
is seen in panned confections, which can either be soft or hard panned. Panning involves 
slowly adding layers of sucrose to create a hard layer, or in the case of soft panned 
confections, to create a soft layer with the inclusion of a glucose or corn syrup (Edwards 
2000b). Hard panned confections’ coatings consist of mostly sucrose, and are allowed to 
crystallize, yielding a hard texture to the coating. Soft panned confections’ coatings are 
typically thicker and softer due to the inclusion of the glucose or corn syrup to suspend the 
sucrose molecules within. 
 Besides panned confections, there are other types of coatings added to confections 
with increased efforts to increase stability and improve physical appearance. Confections 
can be glazed or polished to yield sheen to the surface and act as a moisture barrier. Lipid-
based films are typically utilized as they exhibit great water vapor barrier properties, 





others 2010, Hartel and Hartel 2014i). Purely lipid-based films are rarely used, as 
hydrocolloids are typically mixed in to increase resistance to fracture. However, 
hydrocolloids’ interactions with water can reduce the effectiveness of the coating through 
prolonged storage. Ideally, lipid-based coatings containing saturated fatty acids are utilized 
as their structure allows them to organize into a more uniform crystal arrangement to 
increase stability to moisture. Though natural oils or animal fats are often used, as pure 
fatty acid mixtures are difficult to obtain in nature. Natural waxes, such as carnauba waxes, 
can also be utilized as they contain many hydrophobic compounds (Edwards 2000b, Ergun 
and others 2010). However, they must be used as oil-in-water emulsions or solvent 
mixtures. Acetoglycerides can be added to wax coatings to increase their plasticity and 
range in use. Shellac obtained from the lac bug, which is comprised of mostly hydroxyl fatty 
acid esters and sesquiterpene acid esters, is known to coat jelly beans (Hartel and Hartel 
2014j). However, it is quite brittle, so its usage is limited.  
 It is important to recognize that chocolate coatings are very common in the 
confectionery industry, as they prevent moisture migration and chocolate is well-liked by 
consumers. However, chocolate is complex and not primarily sugar-based, thus it will not 
be incorporated in this study. 
Emulsifiers 
 Emulsifiers are used to help form and stabilize an emulsion, which occurs commonly 
in many food systems including confections. An emulsion is a mix of two immiscible liquids, 
where one is hydrophilic and one is hydrophobic, thus an emulsifier typically exhibits 
hydrophilic and hydrophobic behavior on different parts of its molecule (Edwards 2000c).  





distribution and mixing of ingredients. Additionally, emulsified lipids do not affect the 
water activity in confections; the liquid phase mostly dictates water activity (Ergun and 
others 2010). Emulsifying lipids into a confection will allow easier control of a confection’s 
water activity through processing and formulation.  
 Some common emulsifiers utilized in the confectionery industry include mono and 
diglycerides, lecithin, and sucrose esters (Edwards 2000c). Mono and diglycerides are 
typically distilled to ensure high purity by molecular distillation. Lecithin is a natural 
emulsifier typically derived from soy, though it can be sourced from sunflower seed, 
rapeseed, maize, and peanuts as well. By definition, lecithin is ‘a mixture of polar and 
neutral lipids with a polar lipid content of at least 60%’ and is categorized as a 
phospholipid (Edwards 2000c). Sucrose esters are made from sucrose and edible fatty 
acids and provide a wide hydrophilic-lipophilic balance (HLB) range. HLB represents the 
ratio of hydrophilic to lipophilic groups, dictating the ability of the substance to act in a oil-
in-water emulsion or water-in-oil emulsion. Thus, this emulsifier can be used in a variety of 
confections from tableted confections to caramels.  
Doctoring Agents 
 Doctoring agents are added to confections to control sugar crystallization, and thus 
control the texture and other final attributes of a confection (Hartel and Hartel 2014a). The 
more of a doctoring agent added to a confection, the lower the crystallinity in a confection. 
The doctoring agent will stabilize an amorphous glass, inhibiting crystallization with more 
doctoring agent added. There are some confections that have varying levels of crystallinity 
from completely amorphous to highly crystalline to impart different textures. Higher 





seen in fudge. Lower crystallinity content creates a chewy texture, which acts more plastic; 
this is typically seen in chewy caramels. Being able to accurately control the extent of 
crystallization in a product is ideal for efficient processing and formulation. 
 An early example of doctoring a confection was to add an acid, such as cream of 
tartar, to hydrolyze sucrose into glucose and fructose. Sucrose hydrolysis creates invert 
sugar which doctors crystallization by interfering the sucrose molecules’ ability to form a 
crystal network. Adding an acid to induce sucrose hydrolysis was not an ideal situation, as 
it was difficult to control the exact extent of hydrolysis. Therefore, adding invert sugar 
directly into the formulation became more popular over time. Invert sugar has come to be 
replaced by adding glucose syrup or corn syrup instead, as they are better stabilizers due 
to their higher molecular weight fraction (Edwards 2000a). Both glucose and corn syrup 
will inhibit the migration of moisture from the environment into the confection, increasing 
stability to crystallization over prolonged storage. Corn syrup is often called glucose syrup 
interchangeably, though the term glucose syrups also exists to represent syrups extracted 
from other sources than corn, such as potato or wheat (Hartel and Hartel 2014a).  
1.6 Processing Variables 
Heating 
 Heating is an important process in confection manufacture because the common 
initial step is to dissolve sugar in water, followed by boiling the syrup to reach specific 
moisture content and therefore, obtain specific final product qualities. The stages of sugar 
cooking as described previously are typically used to differentiate between cook 





its monosaccharides, glucose and fructose, otherwise known as invert sugar. Inversion 
increases with the addition of acid as well. Invert sugar acts as a doctoring agent and limits 
the extent of crystallization by bonding to the crystal surface of nuclei and preventing 
crystal growth (McGee 2004). 
 Heating sugar syrup will concentrate it due to the evaporation of water, and this 
causes the boiling point to rise because sucrose solution has a higher boiling point than 
water. After 80% concentration of the syrup, there is minimal water present, thus, the 
temperature and the boiling point will rise more rapidly (McGee 2004). The heating rate 
will accelerate during cooking due to water evaporation. It is very important to oversee the 
temperature during cooking as the maximum cook temperature will affect the final textural 
properties of the product. Increasing the temperature will also aid the dissolution of sugar 
into the water due to the increased motion of the molecules. 
Cooling 
 Cooling the sugar syrup following cooking is an important variable that will affect 
the final texture of the product. The cooling period is associated with crystallization, as the 
decrease in temperature also decreases the mobility of the sugar molecules in solution, 
causing them to come out of solution. The speed of cooling can be used to control 
crystallization (ACS 2014a). The more quickly the syrup is cooled, the more crystallization 
is prevented. Increasing the cooling rate allows less time for the sucrose molecules to 
interact by inhibiting their mobility; therefore they cannot come together into nuclei and 
grow into crystals.  
The treatment of the syrup during cooling also affects crystallization (ACS 2014a). 





occur without nuclei present. Agitating the syrup by stirring during cooling will encourage 
nuclei formation through increased contact between the sucrose molecules in solution. The 
material of the utensil being used to stir the syrup can also affect crystallization. A wooden 
spoon is preferred over a metal spoon in coincidences where crystallization is undesirable 
(McGee 2004). The metal spoon will conduct heat away from the solution where it is 
making direct contact. These areas become super saturated from the decrease in 
temperature, and are more susceptible to crystallization than the rest of the solution. In 
confection manufacture, it is difficult to avoid metal machinery, therefore it is important to 
add doctoring agents to inhibit crystallization.  
1.7 Types of Sugar-Based Confections 
There are a wide variety of sugar-based confections on the market with 
characteristic textures. Types of sugar-based confections can be categorized into their state 
of sucrose, which ultimately dictates their appearance and texture characteristics. A 
grained confection contains numerous small sugar crystals dispersed within an amorphous 
rubbery matrix, while an ungrained confection contains little to no sugar crystals dispersed 
within an amorphous rubbery matrix. Typically, less graining results in a chewier and 
stretchier texture, while more graining results in a shorter texture (Schmidt 2012). The 
state of sucrose within confections is especially important to the stability, as changes of 
sucrose state are typically associated with end of shelf life (Hartel and others 2011). 
Physico-chemical changes such as moisture loss and moisture uptake, will cause unwanted 





depicts the different possible states of sucrose within a sucrose-based confection with 
example confections, confections used in this study, and texture/appearance.  
Table 1.4. Categorization of sugar-based confections based on the state of sucrose (Based on Ergun 
and others 2010, Hartel and others 2011, and Schmidt 2012).  





Fondants and creams Fondant, candy corn 
(mallow-crème) 
Texture dependent on 
crystal content, with short 
texture increasing as 
crystal content increases 
Grained caramel and 
fudge 
Fannie May fudge, Cool 
Bliss Popped Bliss fudge, 
Tootsie Roll 
Grained mints  
Grained nougat and 
marshmallow 
Circus peanut, candy 
corn (mallow-crème) 
Grained toffee  
Hard- and soft-panned 
shell candy 
Jelly bean exterior 
Amorphous : rubbery Gummies and jellies Gummy bear, jelly bean 
interior 
Chewy and stretchy texture, 
contains little to no sugar 
crystals Ungrained nougat  
Ungrained caramels Kraft soft caramel, 





Taffy Salt water taffy, Laffy 
Taffy, Bit-O-Honey 
Ungrained toffee Toffee 
Amorphous: glassy  Cotton candy  Fine threads or floss 
Hard candy Jolly Rancher, Werther’s 
hard caramel, 
butterscotch hard candy, 
Dum Dums 
Hard and brittle, with color 
and flavor uniformly 
dispersed 
Peanut brittle Peanut brittle 
Crystalline Candy powders  Free-flowing powder 
Rock candy Rock candy Hard crystals, with color 
and flavor on crystal 
surface 








 Caramel can be characterized as either an amorphous rubbery confection or as a 
partially crystalline-partially amorphous confection, dependent on intended final texture 
(Hartel and others 2011). Crystallinity in caramel can range from 0 to 30%. The moisture 
content of caramel ranges from 6 to 18% wb and water activity ranges from 0.45 to 0.60 
(Ergun and others 2010). There are a few sources that have measured the Tg of caramels, 
within the range of -37.2 to -12.3 °C (Chung and others 1999, Ahmed and others 2006, 
Barra and Mitchell 2013). The basic formulation of caramel includes: sucrose, corn syrup, 
milk protein, lipid, salt and water (Ergun and others 2010). Figure 1.10 represents the 
basic steps in manufacturing of caramel.  
Based upon formulation and moisture content, caramel can range from soft and 
chewy to hard and brittle, therefore, different variations of caramel can fall within different 
stages of sugar cooking (Table 1.2). Increased crystal content in caramel yields a short 
texture and a clean break when bitten into (Hartel and others 2011). For example, there 
are hard caramels that act more like butterscotch (Soft Crack stage) or hard candy (Hard 
Crack stage). Despite these variations, all caramel exhibit flavors produced by the Maillard 
reaction (Jeffery 2001). Additionally, the Maillard reaction causes a thickening of the milk 
protein that produces soft and chewy caramel which retains their shape and are able to 
stand up (Pennington and Baker 1990). All finished caramel typically contain 1 to 3% milk 
protein (Sengar and Sharma 2014). Inclusion of a milk ingredient is unique to the caramel 
family of confections, which also pertains to tootsie rolls (Hartel and Hartel 2014k and l). 
The common source of milk protein in a caramel is either evaporated or condensed milk. 





encouraging invert sugar formation (Pennington and Baker 1990). Caramel processing 
involves the controlled scorching of milk to create distinct caramel flavors and colors from 
the Maillard reaction that are desired in the final product (Hartel and Hartel 2014m).  
The major end of shelf life in caramel is caused by cold flow, which is the viscous 
flow of solid at room temperature. This ultimately alters the appearance and shape of 
caramel to not match consumer expectations. The caramel structure collapses due to the 
forces of gravity and flattens out. Lowering the moisture content will help prevent cold 
flow by increasing the viscosity. However, sometimes a softer caramel with higher 
moisture content is desired. In this case, cold flow is prevented by increasing the solid fat, 
protein, and crystalline content. These three factors impact the caramel texture in different 
ways, thus finding a balance between the three factors is crucial for obtaining the desired 
final texture while preventing cold flow. Being a high moisture confection, soft caramel is 
subject to moisture loss to the environment, leading to an undesirable hard texture (Ergun 






Figure 1.10. Caramel processing flowchart (adapted from Pennington and Baker 1990) 
Fondant 
 Fondant is characterized as a partially crystalline-partially amorphous confection. 
Crystallinity in fondant can range from 50 to 60% (Jeffery 2001). The moisture content of 
fondant ranges from 10 to 18% wb and water activity ranges from 0.65 to 0.80 (Ergun and 
others 2010). No Tg values for fondant were found in the literature. The basic formulation 
of fondant includes: sucrose, corn syrup, and water (Ergun and others 2010). Fondant falls 
within the Soft Ball stage in the stages of sugar cooking (Table 1.2). Figure 1.11 represents 
the basic steps in manufacturing of fondant.  
Raw Ingredients (sucrose, 
corn syrup, lipid, water)
Cook to 240 °F in steam-
jacketed kettle equipped with 
agitator and side scrapers
Add milk protein source to 
mixture - Cook to 245 °F
Add butter, salt and flavor to 
mixture, mix in well
Pour out mixture on a slab 
between 3/4 in. bars and cool
Cut caramel on caramel 






Water content and crystal content directly affect the texture of fondant. High water 
content produces fewer crystals and a softer texture, while lower water content produces 
higher amounts of crystals and a firmer texture (Ergun and others 2010). Proper control of 
crystallization is crucial to obtain the desired final product quality, as numerous small 
crystals are ideal for a smooth final texture (Hartel and others 2011). The ideal exact sugar 
crystal size is dependent on the final intended use of the fondant. Fondant that is intended 
to be incorporated into a smooth cream should have sugar crystals below 12 microns, 
while some applications, such as fondant for sculpting, should have sugar crystals size 
ranging between 40-50 microns for a coarser texture (Jeffery 2001). Fondant is seldom 
eaten “as is”, but is often used as decorative material for cakes, or as a sugar crystal seeding 
material for other confections such as candy corn, fudges, and creams (Hartel and Hartel 
2014n).  For example, candy corn is a mallow cream confection where fondant is combined 
with frappe to induce partial crystallinity. In many amorphous confections, crystallization 
is undesirable and is typically a marker of poor product quality. However, in the case of 
candy corn and other partially crystalline confections, the partial crystal content is 
desirable and yields a softer texture from the amorphous portion with somewhat of a clean 
bite from the crystalline portion. Being a high moisture confection, fondant is subject to 
moisture loss to the environment, leading to an undesirable hard texture (Ergun and others 
2010).  
Aside from the basic formulation of sucrose, corn syrup, and water, other 
ingredients may be added to increase the range of applications of fondant. A lipid 
ingredient can be incorporated to obtain a desirable final texture of fondant ideal for 





1995). Classically, butter was utilized, though it has been mostly replaced by vegetable oils 
such as hydrogenated palm kernel oil for cost reduction purposes (Edwards 2009). 
Hydrogenated palm kernel oil also has a longer melting range ending above body 
temperature (42 to 50 °C) that is ideal for increasing plasticity (Hancock and others 1995, 
Siew 2001). Fondant can have invertase added into the formulation to soften the texture 
over time. Adding invertase allows the fondant to be firm while being processed for easier 
handling, and then soft by time of consumption. Milk ingredients such as non-fat dry milk 
powder can be added for emulsion stability and controlling viscosity (Hancock and others 
1995). Additional emulsifiers may be added to stabilize the emulsion with addition of lipids 







Figure 1.11. Fondant processing flowchart (adapted from Jeffery 2001) 
Fudge 
 Fudge is characterized as a partially crystalline-partially amorphous confection. 
Crystallinity in fudge can range from 0 to 30%. The moisture content of fudge ranges from 
6 to 18% wb and the water activity ranges from 0.45 to 0.60 (Ergun and others 2010). No 
Tg values for fudge were found in the literature. The basic formulation of fudge includes: 
sucrose, corn syrup, milk protein, lipid, salt, and water. Fudge falls within the soft ball stage 
in the stages of sugar cooking (Table 1.2). Figure 1.12 represents the basic steps in 
manufacturing of fudge. 
Raw Ingredients (water, sucrose, 
corn syrup)
Accurate recipe weighing to 75% 
to 78% moisture content (optimal 
for syrup making)
Cooking to control moisture 
content to 7.5 to 15% (Soft Ball 
stage)
Cooling of mixture to range of 115 
°F to 190 °F without agitation to 
prevent crystallization at this step
High shear mixing to crystallize 
syrup 






Similar to caramel, the extent of crystallization will dictate the overall texture of the 
fudge. Increased crystal content yields a hard and course fudge, while less crystal content 
yields a soft and malleable fudge. Typically, fudge crystallization is controlled by adding up 
to 10% fondant, which is a grained confection (Jeffery 2001). Ensuring proper 
incorporation of fondant will yield optimal fudge texture. It is crucial to add the fondant at 
about 105 °C, as higher temperatures can melt the fondant sugar crystals (Stansell 1995). 
Though fudge texture can vary based on extent of the crystallization, all fudge contains 
about the same amount of milk protein and lipids. Fudge contains about 1 to 4% milk 
protein and 5 to 15% lipids, which is typically a mix of dairy and vegetable lipids (Jeffery 
2001). In the United States, fudge is typically associated with a chocolate flavor, though it 
does not have to contain chocolate to be considered fudge (Schwenk 2011). Being a high 
moisture confection, fudge is subject to moisture loss to the environment, leading to an 






Figure 1.12. Fudge processing flowchart (adapted from Jeffery 2001). 
Gummy/Jelly Candy 
 Gummy candy is characterized as an amorphous rubbery confection with a gel 
structure. The moisture content of gummy candy ranges from 8 to 22% wb and the water 
activity ranges from 0.50 to 0.75 (Ergun and others 2010). The Tg of gummy candy with 
moisture content of 18 to 20 %wb ranges from -40 to -30 °C (Hartel and Nowakowski 
2016). The basic formulation of a gummy candy includes: sucrose, corn syrup, gelling 
agent, coloring, flavoring, and acid (Best 1995). Gummy candy falls within the Hard Ball 
stage in the stages of sugar cooking (Table 1.2). Figure 1.13 represents the basic steps in 
manufacturing of gummy candy. 
Raw Ingredients (sucrose, 
corn syrup, milk protein 
source, lipid, salt, water)
Mix and emulsify raw 
ingredients, cook mixture 
to 250 °F
After 20-30 min, cool 
mixture to 200 °F
Warmed fondant is mixed 
into fudge mixture to 
induce crystallization
Flavor is added and mixed 
in thoroughly






 Gummy candy is a term used interchangeably with jelly candy by consumers and the 
confection industry, although a distinction can be made by the gelling agent used (Hartel 
and Nowakowski 2016). Gummy candies are only made with gelatin, while jelly candies are 
made with any other gelling agent such as pectin. This candy category is unique because of 
the inclusion of a gelling agent, which provides key functional properties. Gelling agents 
provide gel structure, stabilize the candy from syneresis, carry flavor, inhibit sugar 
crystallization, impact the appearance, and ease foaming for aerated jellies. Typical gelling 
agents include gelatin, pectin, and starch. It is important to note that all hydrocolloids used 
in confections can be considered gelling agents, although not all gelling agents are 
hydrocolloids, such as starch. The gel structure immobilizes the sugar syrup through 
increased viscosity, maintaining the amorphous composition by not allowing the sugar 
molecules to collide and crystallize (Jeffrey 2001).  
The overall texture of gummy candy is mostly influenced by the type and quantity of 
gelling agent used. For example, gelatin yields a more elastic gel than starch or pectin 
(Hartel and Nowakowski 2016). The gelling agent also affects the confection’s appearance, 
with pectin giving a clearer appearance while starch-containing confections are more 
opaque. A concern with processing of gummy candy is the hydrolysis of gelatin protein at 
high temperatures. In continuous large-batch operations, rapid cooking methods are 
typically used which avoid holding the mixture at high temperatures for too long. Pectin 
gelation differs from the other commonly used gelling agents; the gelation process is 
initiated with the addition of acid. Regardless of the gelling agent used, the confection’s gel 





subject to moisture loss to the environment, leading to an undesirable hard texture (Ergun 
and others 2010). 
 
Figure 1.13. Gummy Candy processing flowchart (adapted from Ergun and others 2010, Hartel and 
Nowakowski 2016). 
Hard Candy 
Hard candy is characterized as an amorphous glassy confection (Schmidt 2012). The 
moisture content of hard candy ranges from 2 to 5% and the water activity ranges from 
0.25 to 0.40 (Ergun and others 2010). There are a few sources that have cited the Tg range 
(onset to endpoint) of both commercial and formulated hard candy within 22.4 to 67.9 °C 
(Nowakowski 2000, Smidova and others 2003, Roudaut 2007, Reinheimer and others 
Mix sucrose syrup 
ingredients and heat 
mixture
Before depositing, 
colors, flavors, acids 
added
Poured into molding 
starch depressions with 
dried corn starch
Dried for 24-72 to 
allow proper "skin" 
formation
Excess starch blown off, 
final candy is oiled and 






2010, Hartel and Hartel 2014e, Hartel and Nowakowski 2016). The basic formulation of 
hard candy includes: sucrose, corn syrup, coloring, flavoring, and acids (Ergun and others 
2010). Hard candy falls within the Hard Crack stage in the stages of sugar cooking (Table 
1.2). Figure 1.14 represents the basic steps in manufacturing of hard candy. 
The moisture content and glass transition directly affects the texture of hard candy.  
A higher glass transition temperature yields a hard and brittle texture throughout 
mastication, while a lower glass transition temperature yields an initially hard and brittle 
texture that softens through mastication. The glass transition is also related to flavor 
release in hard candy, with lower glass transition temperatures resulting in more rapid 
release of flavor (Hartel and Hartel 2014e).  
Being a low moisture confection, hard candy is subject to moisture uptake from the 
environment, leading to undesirable stickiness from graining. As graining or crystal 
formation occurs, the water content around the crystals increases due to exclusion from 
the crystal lattice formation, resulting in a softer texture (Ergun and others 2010). 
Improper storage (high humidity and/or high temperature) will encourage the transition 
from the amorphous glassy to amorphous rubbery state, as a result of increased molecular 
mobility (Ergun and others 2010, Hartel and others 2011). Low moisture content and 
inclusion of doctoring agents (ex. Corn syrup) increases the viscosity of hard candy, helping 






Figure 1.14. Hard Candy processing flowchart (adapted from Ergun and others 2010). 
Marshmallow 
 Marshmallow can be characterized as either an amorphous rubbery confection or as 
a partially crystalline-partially amorphous confection; that is aerated with a foamy 
structure (Lim and others 2006). Crystallinity in marshmallow can range from 0 to 20%. 
The expected moisture content of marshmallow ranges from 15 to 18 %wb and 5 to 10 
%wb for ungrained and grained marshmallow, respectively. The water activity of 
marshmallow ranges from 0.60 to 0.75 (Ergun and others 2010). Lim and others (2006) 
found the Tg of marshmallow to be -45 °C with a moisture content of 19.5 %wb. Hartel and 
Raw ingredients (water, 
sucrose, corn syrup)
Sucrose and corn syrup 
dissolved in water and 
boiled to 149°-154°C
Syrup cooled to 
amorphous plastic state
Flavors, colors, acids are 
added to the mixture
Mixture formed into 
desired shapes and cooled 
to amorphous glasy state






Nowakowski (2016) states that the Tg of marshmallow could be as low as -40°C. The basic 
formulation of marshmallows includes: sucrose, glucose syrup, water, color and/or flavor, 
and whipping agents (Lim and others 2006). Marshmallow falls within the Hard Ball stage 
in the stages of sugar cooking (Table 1.2). Figure 1.15 represents the basic steps in 
manufacturing of marshmallow. 
The moisture content, foam structure, and extent of crystallization directly affect the 
texture of marshmallow. There are various whipping agents that can be used in 
marshmallow formulation such as starch, agar, pectin, gelatin, and egg albumen to create 
stable foam structure. The purpose of the aerating agent is to create a film that 
incorporates air into the syrup in order to form small air bubbles that are dispersed and 
stabilized throughout the food matrix (Jeffery 2001). It is crucial to not allow lipids to come 
into contact with the formulation or with the processing machinery as lipids will lower the 
surface tension of the syrup and cause aeration of the mixture to be difficult.  
Being a high moisture confection, marshmallow is subject to moisture loss to the 
environment, leading to an undesirable hard texture (Ergun and others 2010). Loss of 
marshmallow elasticity is mostly influenced by unwanted sugar crystallization. 
Marshmallow degradation and end of shelf life can also be caused by sugar crystallization, 






Figure 1.15. Marshmallow processing flowchart (Adapted from Jeffery 2001). 
Sugar Panned Candy 
 Sugar panned candy can be characterized as partially crystalline-partially 
amorphous coating used on various confections, which can either be soft-panned or hard-
panned (Ergun and others 2010). Crystallinity in soft-panned and hard-panned coatings 
can range from 60 to 75 %wb and 80 to 95 %wb, respectively. The expected moisture 
content of soft-panned and hard-panned coating ranges from 3 to 6% and 0 to 1%, 
respectively. The water activity of soft-panned and hard-panned coating ranges from 0.40 
Gelatin is submersed in cold 
water, mixed rapidly and allowed 
to stand for 30 min.
Egg albumen is dissolved in water 
and 63 DE corn syrup - add to 
remaining water and corn syrup 
after
42 DE corn syrup, invert sucrose 
and sortibol are mixed together 
and sugar is dissolved in this mix
Cooking of mixture to desired 
moisture content
Mixture cooled to 88 °C and 
gelatin is mixed in, followed by 
egg solution
Color and flavor are added 
(fondant if grained) and whipped
Marshmallows are deposited into 






to 0.65 and 0.40 to 0.75, respectively.  No Tg values for sugar panned candy were found in 
the literature. The basic formulation of panned coating includes: sucrose and corn syrup for 
soft-panned coatings, and just sucrose for hard-panned coatings (Edwards 2000b). Sugar 
panned coatings are not defined within the stages of sugar cooking. Figure 1.16 represents 
the basic steps in soft- and hard-panned coatings.   
The extent of crystallization and size of the resultant sugar crystals directly affect 
the texture of sugar panned coatings (Ergun and others 2010). Soft- and hard-panned 
coatings are applied in a similar manner, though they differ in various components 
including: formulation, coating thickness, application speed, heating, and evaporation 
methods; ultimately resulting in different final textures.  Soft-panned candies are coated in 
a mixture of sucrose and glucose or corn syrup, which is applied quickly to yield a thick, 
soft layer of coating. Soft panned candies are not subjected to heating or ventilation, as 
evaporation is carried out through added milled or caster sugar and allowing the candies to 
tumble in the trays. The soft-panned sugar coating has numerous large sugar crystals 
suspended in a sugar syrup matrix, resulting in a soft texture that fractures at the bite point 
(Hartel and Hartel 2014j). A common example of a soft-panned candy is jelly beans, whose 
interior is similar to a gummy candy.  Jelly beans also have a final polish layer, 
confectioner’s glaze, made of edible shellac derived from lac bug secretion. The melting 
point of confectioner’s glaze is above 70 °C and is mostly composed of hydroxyl fatty acid 
esters and sesquiterpene acid esters (Hartel and Hartel 2014j). It provides sheen to the 
jelly bean exterior. Being a medium moisture confection, soft-panned coating is subject to 






Hard-panned candies are coated in sucrose, which is applied slowly to yield a thin, 
hard layer of coating. Water is evaporated from the layers of coating primarily through 
heating and ventilation (Edwards 2000b). The hard-panned sugar coating has numerous 
tiny sugar crystals that are possibly fused together, resulting in a hard and brittle texture 
(Ergun and others 2010). An example of a hard-panned candy is candied nuts. Being a low 
moisture confection, hard-panned coating is subject to moisture uptake from the 
environment, leading to undesirable stickiness from graining (Ergun and others 2010). 
 
Figure 1.16. Sugar panned candy (soft and hard panned coating) processing flowcharts (Adapted 
from Beacham 1995, Edwards 2000b) 
Soft Panned Coating
Candy centers are 
tumbled in pan
Layers of sucrose 
syrup added quickly 
to yield thick layer
Caster or milled 
sucrose added to coat 
centers, no subjection 
to heat or air
Candies tumbled until 
no more water 
evaporates, then 
moved to drying trays
Hard Panned Coating
Candy centers are 
tumbled in pan
Layers of sucrose syrup 
added slowly to yield 
thin coating
Rate of evaporation 
increased with 
increased air flow rate 
and temperature
Excess starch blown off, 
final candy is oiled and 







 Rock candy is characterized as a crystalline confection (Hartel and Hartel 2014o). 
The expected moisture content of rock candy ranges from 4 to 6 %wb (Lees 1995). The aw 
of rock candy is yet to be defined in literature. The basic formulation of rock candy 
includes: sucrose, water, coloring, and flavoring (Hartel and Hartel 2014o). Rock candy falls 
within the Hard Ball stage in the stages of sugar cooking, though it is not considered a 
representative confection of the stages of sugar cooking for this study due to being a 
crystalline confection. Figure 1.17 represents the basic steps in manufacturing of rock 
candy. 
 The large sucrose crystal structure is characteristic to the overall rock candy 
texture. Making rock candy requires starting with a supersaturated sucrose solution. When 
sucrose is dissolved in room temperature water, it reaches saturation level at 66.6% 
concentration (Lees 1995). In order to obtain a supersaturated solution, more sucrose 
beyond the saturation level must be dissolved in solution. Solubility is temperature 
dependent, thus increasing the temperature of the solution will allow more sucrose to 
dissolve beyond the saturation level. When a supersaturated solution cools, more sucrose 
is dissolved than the 66.6% concentration, encouraging crystallization of the sucrose 
(Hartel and Hartel 2014o). The degree of supersaturation is dependent on the amount of 
cooling and initial concentration of sucrose (Hartel and Shastry 1991). Once the sucrose 
solution is supersaturated, it crystallizes slowly over time, with a stick or string inserted as 
the nucleation point. Crystal nuclei will form on the stick or string, and grow into large 





located on the surface of the sugar crystals, as opposed to being uniformly dispersed in 
amorphous glassy confections (Schmidt 2012).  
Being a crystalline confection, rock candy is subject to moisture uptake from the 
environment if stored above its deliquescence point, leading to unwanted stickiness. 
However, capillary condensation can occur even below the deliquescence point, leading to 
unwanted caking (Scholl and Schmidt 2014). 
 
Figure 1.17. Rock Candy processing flowchart (Adapted from Lees 1995, Hartel and Hartel 2014o). 
Heat water before 
adding sucrose
Add sucrose to heated 
water to create 
supersaturated solution
Remove supersaturated 
solution from heat and 
allow to cool
Sticks or strings are 
inserted into 
supersaturated solution 
to act as nucleation point
Allow crystals to form 







 Tablets are characterized as crystalline confections, bound together by pressing 
under high pressure (Hartel and Hartel 2014p). Crystallinity in tablets can range from 75 to 
95%. The expected moisture content of tablets ranges from 0 to 1 %wb and water activity 
ranges from 0.40 to 0.75 (Ergun and others 2010). No Tg values for tablets were found in 
the literature. The basic formulation of tablets includes: sucrose, binders, lubricants, 
coloring, and flavoring. Once mixed, the ingredients are granulated, sieved, and dried to 
ensure even mixture during tableting process. Tablets are not defined within the stages of 
sugar cooking. Figure 1.18 represents the basic steps in manufacturing of tablets. 
 Tablets undergo unique processing that yields the characteristic tablet texture of 
compacted powder. Wet granulation is typically used in processing of tableted confections, 
though is not necessary for sugars of proper particle size (Hartel and Hartel 2014p). 
Sucrose requires wet granulation, while dextrose and sorbitol do not require it. Wet 
granulation is used to facilitate compressing the tablets to encourage sugar crystal 
aggregation (Hartel and Hartel 2014p). Wet granulation starts with mixing the granulated 
sugar base, water, and binding agent to form the dough. The dough is pressed through a 
screen to produce shreds. The shredded dough is then dried, ground, and sieved to a 
proper size to facilitate cohesion through the compressing process. All of these steps are 
necessary to yield a free flowing powder has a much lower bulk density than the starting 
material due to incorporated air spaces that separate each particle (Beacham 1995, Hartel 
and Hartel 2014p). As the particle is compressed, the air spaces will be expelled, yielding a 





The purpose of including a binder is to keep the dough together during processing. 
Some examples of binding agents include: corn syrup, gum arabic, gelatin, and modified 
starches (Edwards 2000d, Hartel and Hartel 2014p). The purpose of including a lubricant is 
to combat possible issues during processing. Oils and fats are used to form a hydrophobic 
surface between the machine die and tablet material, allowing easy ejection from the die. 
This is especially important if the tablet is a complicated shape. Being a crystalline 
confection, tablets are subject to moisture uptake from the environment if stored above its 
deliquescence point, leading to unwanted stickiness. However, capillary condensation can 








Figure 1.18. Tablet processing flowchart (Adapted from Beacham 1995, Edwards 2000d, Hartel and 
Hartel 2014p). 
Taffy 
 Taffy is characterized as an amorphous rubbery confection that is aerated by pulling 
and folding (Decker and Ziegler 2002, The University of Wisconsin-Madison 2013). The 
moisture content of taffy ranges from 4.5 to 9 %wb (Ruffinatti 2006). No aw or Tg values for 
taffy were found in the literature. The basic formulation of taffy includes: sucrose, corn 
syrup, whipping agents, lipids, emulsifiers, texture improvers, and salt (Cooke 1995, The 
University of Wisconsin-Madison 2013). Taffy falls within the Soft Crack stage in the stages 







Dough is pressed 
through screen to 
yield shards
Shards are dried, 
ground and sieved 
to ideal particle size







of sugar cooking (Table 1.2). Figure 1.19 represents the basic steps in manufacturing of 
taffy. 
 The moisture content and processing (pulling, aeration) affects the texture of taffy. 
The aeration process incorporates air pockets into the amorphous candy, which are then 
lengthened by pulling (Hartel and Nowakowski 2016). This is important to the overall 
texture of the confection, and reduces the density. Taffy can have a closed- or open-cell 
structure, with density usually above 0.5 g/mL (Decker and Ziegler 2002).  
Cold flow is not a quality defect unique to caramel, cold flow is a common end of 
shelf life for taffy as well (Hartel and Hartel 2014q). As described in the caramel section, 
cold flow affects the appearance and shape of the candy, yielding an undesirable flattened 
confection. The incorporated air cells from aeration and lipid globules support the overall 
taffy structure, helping to prevent cold flow (Hartel and Nowakowski 2016). Additionally, 
starch granules can be added to the base formulation to provide further structure against 
cold flow. A higher amount of glucose syrup or corn syrup than sucrose will help prevent 
unwanted graining (Hartel and Nowakowski 2016). Lipids help to reduce stickiness, while 
gelatin or other gelling agents can be added to yield a chewy texture and increase stability 
(Ruffinatti 2006, Hartel and Nowakowski 2016). Whipping agents, such as egg whites, can 
be included to yield a more aerated, softer confection (Decker and Ziegler 2002). Being a 
medium moisture confection, taffy is subject to moisture loss to the environment, leading 






Figure 1.19. Taffy processing flowchart (Adapted from The University of Wisconsin-Madison 2013), 
(Richmond 1977). 
Toffee 
 Toffee can be characterized as either an amorphous rubbery confection or as a 
partially crystalline-partially amorphous confection. Crystallinity in toffee can range from 0 
to 30% (Ergun and others 2010). The moisture content of toffee ranges from 6 to 18 %wb 
and the water activity ranges from 0.45 to 0.60 (Ergun and others 2010). No Tg values for 
toffee were found in the literature. The basic formulation of toffee includes: sucrose, corn 
syrup, milk ingredient, lipids, emulsifier, and flavoring (Subramaniam 2016). Toffee falls 
within the Soft Crack stage in the stages of sugar cooking (Table 1.2). Figure 1.20 
represents the basic steps in manufacturing of toffee. 
Mix sucrose and 
corn syrup in kettle 
and cook to 260 °F. 
Cool slightly and 
mix in hydrated 
stabilizer, lipid, and 
emulsifier. 
Pour on oiled 




colors and flavors 
added now.
Cool before forming 
through extrusion 






Toffee is an oil-in-water emulsion, with lipids dispersed throughout a primarily 
sugar-based continuous phase (Edwards 2000e). Similar to caramels, the Maillard reaction 
is responsible for the characteristic caramel color and flavor of toffee (Subramaniam 2016). 
Based upon formulation and moisture content, toffee can range from soft and chewy to 
hard and brittle. The higher moisture toffees are similar to caramels and fudge, while the 
lower moisture toffees are typically completely amorphous and similar to hard candy 
(Subramaniam 2016).  
Similar to caramel and taffy, cold flow is a common end of shelf life for high 
moisture toffee as well. The resulting loss of structure from cold flow causes a significant 
loss in quality. High levels of whey protein without casein yield a low viscosity toffee, 
subject to cold flow. Ensuring presence of casein will help to prevent cold flow in toffee 
(Subramaniam 2016). Additionally, 42 DE corn syrup and other low DE corn syrups are 
typically utilized in toffee formulation to reduce the possibility of cold flow (Subramaniam 
2016). Low moisture toffee is hygroscopic and is subject to moisture gain from the 
environment, leading to unwanted graining (Ergun and others 2010). Proper storage and 
inclusion of doctoring agents such as corn syrup help prevent graining in low moisture 
toffee. Many toffee products are coated in chocolate to act as a barrier to moisture 
migration and lipid oxidation, though this is not a perfect solution (Hartel and Hartel 
2014f). High moisture toffee is subject to moisture loss to the environment, leading to an 
undesirable hard texture (Ergun and others 2010). High moisture content toffee requires a 
higher ratio of corn syrup to sucrose, to increase stability to unwanted crystallization 






Figure 1.20. Toffee processing flowchart (Adapted from Edwards 2000e, Hartel and Hartel 2014f).  
1.8 Types and Applications of Sugar Art 
Glass Sugar Art 
 Sugar glass can be categorized as a hard candy because of how it is processed; 
therefore it would fall within the hard crack stage of sugar cooking. Sugar glass is 
amorphous, and in the glassy state. Sugar glass typically ends with a very low moisture 
content of 2 or 3% (ACS 2014b). Due to the low moisture content, sugar glass is extremely 
concentrated with a high viscosity and low molecular mobility. The Tg of sugar glass is 
around 140 °F or 60 °C (ACS 2014b). The Tg is such due to the fact that there is limited 
Mix raw ingredients and 
cook to achieve final 
water content.
Cooked mixture is 
poured onto cold slab
Toffee mixture is spread 
in a thin layer to cool
Once cooled, toffee is cut 






molecular mobility which prevents crystal formation, although sugar glass is not in a 
fundamentally thermodynamically stable state. A typical recipe for sugar glass consists of 
3.5 cups of sucrose, 1 cup of corn syrup, 2 cups of water. Desired flavors and colors can also 
be added depending on the application.  
 In old western movies, sugar glass was used to replace glass window panes (ACS 
2014c). Sugar glass was utilized as it was safer when broken than actual glass. However, 
sugar glass is known to not be stable to heat or humidity, so modern movies use 
polyurethane breakaway glass as an alternative to actual glass windows or sugar glass. 
Sugar painting is a street art practiced in the Sichuan Province of China. Folk artists utilize 
sugar art to create various patterns and animals. The practice dates back to the Ming 
Dynasty, as they were used in religious rituals (Cultural China 2007a). The sugar is heated 
until it liquefies, then it is painted onto a marble slab using a bronze spoon. After it is 
allowed to solidify and cool, the painting is removed from the marble with a shovel. As 
sugar painting utilizes only sugar, the painter must work quickly to avoid the material from 
hardening. Folk artists that practice sugar painting follow either plane painting or solid 
painting. Plane painting occurs on a flat surface while solid painting mixes several plane 
painting components together to create a 3-dimensional painting.  
Pulled Sugar 
 Pulled sugar may have been one of the first forms of sugar art; in 13th century 
Baghdad medieval-Arab cooks created sugar art with early forms of pulled sugar and 
marzipan (McGee 2004). Dry halwa was created similarly to pulled sugar. Sugar is 
dissolved and boiled in water. The mixture is poured onto a surface to cool and is pulled 





pulled sugar evolved from a confection to an art form as well. Pulled sugar has a satin-like 
opacity and is a solid fabric of multiple shiny threads. The repetitive folding process allows 
the air to penetrate the sugar, yielding sheen to the appearance.  
 Amezaiku is a traditional Japanese folk art that has been practiced for hundreds of 
years (Mizuki 2002). Glutinous starch syrup is boiled until it becomes transparent and has 
a dough-like consistency. It is heated over charcoal to make the material more pliable, then 
pulled and kneaded. Similar to pulled sugar, the pulling and kneading motions incorporate 
air into the mixture, giving the material a white color and sheen. Artists make figures using 
only their hands and small scissors. This was originally practiced similar to blown sugar 
and sugar-Figure Dlowing from China, though it has evolved into being molded by hand 
(Mizuki 2002).  
Blown Sugar 
 Blown sugar requires the sugar mixture to be cooled to 120-130 °F or 50-55 °C 
before it can be worked with (McGee 2004). At this temperature range, the mass is pliable 
and has a consistency similar to dough. It can then be blown into hollow spheres and other 
shapes under a heat lamp to keep the consistency workable. Fans are also used during the 
blowing process while turning the sugar to ensure even cooling. It is prepared on the end of 
a wood or metal tube and a rubber pump is attached to blow air into the sugar mass. The 
end product has a glassy consistency and appearance. Blown sugar is considered by some 
to be a basic element of sugar compositions (Sugar Décor 2015). It is made from the same 
recipe for pulled sugar, but is treated differently to create these shapes.  
Sugar-Figure Dlowing is a traditional Chinese folk art originating from the Song 





sugar, though it is practiced similar to blown sugar. The sugar is heated to a proper 
temperature before being pulled and kneaded into a ball. The folk artists then press their 
finger into the ball and pull it away creating a thin sugar stick. The sugar stick is used to 
blow air into the sugar and shape it into various figures. This is practiced as an inedible art 
form, as the figures are typically painted after being formed. 
Cast Sugar 
 Cast sugar is also considered to be a basic element of sugar compositions (Sugar 
Décor 2015). Like blown sugar, cast sugar is also made from the same recipe as pulled 
sugar but handled differently. Cast sugar is perhaps one of the more simply prepared sugar 
art forms as it is simply poured into molds after heated to the proper temperature. In sugar 
art, cast sugar is typically used as the base of the entire piece.  
Pastillage 
 Pastillage is sugar-based dough that also contains gelatin that contributes to its clay-
like consistency (Pastry Sampler 2004). Pastillage is worked in its clay-like consistency 
then allowed to dry to a harder texture. All recipes contain at least sugar, gelatin and water, 
though some include an acid such as cream of tartar or vinegar. Not only is it used as a 
sugar art, but it can be used for pastry as well. Pastillage is similar to sugar gum paste, 
though pastillage is harder when it dries and dries more quickly (Cake Central 2010). Some 
users of the material have expressed their opinion on online blogs that they would rather 
use sugar gum paste for intricate designs such as flowers, and pastillage for more structural 





Sugar Gum Paste 
 Sugar gum paste is a mixture of sucrose, gum, water, and sometimes other 
substances such as protein, shortening or other sugars (Spackman and Schmidt 2010). It is 
used to create cake decorations and faux flower arrangements. Previous studies have 
obtained type III sorption isotherms for sugar gum paste which, showing that it is mostly 
crystalline material (Spackman and Schmidt 2010). An important finding from Spackman 
and Schmidt’s study showed the commercial gum pastes had lower deliquescence points 
due to the presence of glucose. This improves the workability of the material, though it 
decreases its textural stability.  
Pressed Sugar 
 Pressed sugar is a sugar art used strictly as a base. It is composed of either sugar 
and water or sugar and egg white (Johnsonda 2012). The formula with the egg white 
should be stronger. This sugar art form is unique because it is not subjected to heat; it is 
simply mixed to a consistency similar to wet sand due to the crystalline sugar molecules. 
After being mixed, it is pressed into a mold to dry. Pressed sugar takes days to dry, so it 
must be prepared in advance.  
Spun Sugar 
 Spun sugar is a sugar art that involves drizzling hot sugar syrup in strands over a 
solid form or rack. Due to the thin strands of sugar syrup, it hardens almost instantly 
having a large surface area being exposed to air. The sugar syrup is heated to a very high 
temperature, 179-182 °C or 355-360 °F, because caramelization is desirable in this sugar 





dating back before 1600. For example, the Chinese Imperial household created “nest of 
silken threads” from malt syrup.   
1.9 Characterization of Confections 
Differential Scanning Calorimetry (DSC) 
 DSC is an analytical thermal technique that measures the difference in heat required 
to raise the temperature of a sample and a reference by temperature. This method 
continuously monitors the difference in heat flow between a reference empty pan and 
sample pan when they are heated at a controlled rate through the Tg. DSC can be used to 
determine the glass transition temperature of a sample, and therefore detect the amount of 
amorphous solid in a sample. Due to the glass transition being a second order transition, no 
enthalpic peak is observed but a change in specific heat capacity is detected (Hartel and 
others 2011). If there is no glass transition observed in a sample, it can be assumed that the 
material is mostly in the crystalline state. A limitation of traditional DSC is that it may not 
be sensitive enough to detect small quantities of amorphous material (Spackman and 
Schmidt 2010). Figure 1.21 below depicts a typical DSC thermogram for the glass 
transition, crystallization of amorphous structure, and melting of crystalline structure of 






Figure 1.21. Typical DSC thermogram of freeze-dried sucrose that is 100% amorphous and 
undergoes the glass transition, crystallization of amorphous structure, and melting of crystalline 
structure (Thomas and Schmidt 2017).  
Dynamic Vapor Sorption (DVS) 
 DVS is an analytical gravimetric technique that measures how a solvent, usually 
water, is absorbed by a sample. This method exposes the sample to a desired relative 
humidity at a select, constant temperature. It will measure the change in mass of the 
sample as the vapor concentration around the sample is varied. DVS can be used to give the 
moisture content of a sample and obtain a water sorption isotherm. The sorption isotherm 
relies on the determination of equilibrium relative humidity (ERH), where the sample will 
not gain or lose moisture any longer (Ergun and others 2010). The deliquescence point can 
also be obtained by calculating the intersection of the linear sorption portion of the 





not utilized in this study, though some preliminary work has been started to compare 
sorption isotherms between the model system and corresponding representative 
confections. Literature shows that hard candies exhibit type I isotherms, while many other 
confections such as caramel, fudge, and nougat exhibit type II or type III isotherms (Ergun 
and others 2010). Figure 1.22 depicts a typical moisture sorption curve for the three 
regions of water. Figure 1.23 shows representative moisture sorption isotherms for type I, 
II, and III.  
 
Figure 1.22. Typical moisture sorption curve for bound water (I), intermediate (II), and free water 







Figure 1.23. Common moisture sorption isotherms for type I, II, II, and crystalline sucrose (Ergun 
and others 2010) 
Texture Analysis 
 Texture analysis is an analytical physical technique that measures the textural 
components of a sample. Depending on the equipment used, it can be used to find the 
hardness of a sample, the distance to break, etc. Hardness of a sample is related to the Tg, 
moisture content, and aw. Distance to break is related to crystalline content, as crystalline 
structure imparts a short texture with an easy break (Hartel and others 2011). Stickiness is 
related to cohesive forces in the sugar piece and adhesive forces between the sugar piece 
and surrounding materials (Ergun and others 2010). Stickiness can be measured through 
textural analysis by adhesion or pulling materials apart. It can be assumed that the 
stickiness is indicative of the sample undergoing deliquescence and the crystalline sugar is 
dissolving into solution on the surface of the sample. Figure 1.24 below depicts a typical 






Figure 1.24. Typical TPA graph depicting force versus time of a sample where peak force is the 
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Chapter 2: Characterization of Glass Transition Temperatures for Stages of Sugar 
Cooking Utilizing a Model Sugar-Based Confectionery System 
2.1 Abstract 
 The stages of sugar cooking is a characterization system used throughout the 
confectionery industry. The characterization system is typically divided into six stages 
(thread, soft ball, firm ball, hard ball, soft crack, and hard crack), where each stage includes 
physical property descriptions, cook temperature ranges, and example confections. 
Currently, the characterization system recommends cooking a sugar-water formulation to a 
designated temperature to reach a specific water content to yield a desirable texture. 
Thermal behavior parameters, such as the glass transition temperature (Tg), are indicative 
of material structure and textural behavior. Additionally, Tg plays an important role in 
confection quality and stability. Thus, this research proposes adding thermal behavior 
parameters to the stages of sugar cooking. A model sugar-based confectionery system 
(70:30 sucrose to corn syrup and solids to moisture ratio) and representative commercial 
confections from each stage of sugar cooking were studied using differential scanning 
calorimetry (DSC), moisture content, and water activity analyses. The Tg midpoint of the 
model system increased from -29.8 to 43.7 °C (thread to hard crack) in a nearly linear 
fashion as a function of moisture content. Whereas, the Tg midpoint of the confections 
increased from -54.8 to 51.9 °C (soft ball to hard crack), however, the relationship to 
moisture content was inconsistent in comparison to the model system. The observed 
thermal behavior differences between the model system and representative commercial 





behavior. Understanding the thermal behavior of a confection supports strategic 
formulation to achieve desired stability, quality, flavor, and texture of a finished confection. 
Future work varying the model formula ratios and adding common confection ingredients 
(i.e., gelatin) will better reflect the broad commercial formulations. 
2.2 Introduction 
The stages of sugar cooking is a characterization system used throughout the 
confectionery industry, as well as in the home. It is comprised of six stages: thread, soft ball, 
firm ball, hard ball, soft crack, and hard crack. The characterization system typically 
includes physical property descriptions of each stage, cook temperature ranges, and 
example confections (Gott and Van Houten 1958, McGee 2004, AT Media 2008, 
ThermoWorks 2010, Just a Pinch Recipe Club LLC 2012, Laws of Baking 2013, Hartel and 
Hartel 2014a, Science and Food 2014, Visionlearning Inc 2014, Vox Media Inc 2014, 
Exploratorium 2015, iFood Media LLC 2016, Sarah Phillips Inc 2016, Tecstra Systems 
2016). In the literature, the sugar cooking process typically begins with sugar syrup, 
though the exact type of sugar and sugar-water ratio were not found to be specified. The 
sugar syrup is assumed to contain only sugar solids and water, since some literature 
sources included only sugar concentration information for each stage (Just a Pinch Recipe 
Club LLC 2012, Science and Food 2014, Visionlearning Inc 2014, Vox Media Inc 2014, 
Exploratorium 2015, Sarah Phillips Inc 2016). Though not specified, the sugar source is 
assumed to be sucrose, as the stages of sugar cooking date back to when the common sugar 





The earliest record found in the literature of the stages of sugar cooking date back to 
the 17th century, with records of confections dating back as far as 2000 BC. The main use of 
sugar has evolved throughout history: starting with application in medicine, becoming an 
art form for the rich and noble, used in artisan-crafted confections and sweet treats for the 
rich and noble, and currently is heavily used for mass-produced or artisan-crafted 
confections for enjoyment (McGee 2004). Sucrose is a key ingredient in confections, 
imparting sweetness and functionality. The thermal behavior of sugar dictates its 
functionality, particularly its effect on confection texture and stability. The stages of sugar 
cooking are deeply rooted in confection history and are commonly found in confection 
literature; though to date, there is no systematic thermal behavior data found in literature 
related to the stages of sugar cooking. Thus, the research herein proposes adding thermal 
behavior parameters to the stages of sugar cooking characterization system. 
Food materials can exist in the amorphous or crystalline state, or a mixture of both 
states. The amorphous state is non-equilibrium due to excess free energy and entropy, 
while the crystalline state is an equilibrium state due to its lower energy and entropy (Yu 
and others 2008). Amorphous materials are organized in a short-range molecular order 
similar to liquids, while crystalline materials have a long-range, 3D molecular order. These 
differences cause the crystalline and amorphous states to sorb water differently. 
Amorphous materials usually exhibit a type II isotherm until moisture-induced 
crystallization, and crystalline sucrose usually exhibit a type III isotherm (Schmidt 2012). 
Amorphous materials are hygroscopic and tend to sorb water from the environment, 
resulting in a loss of textural stability (Makower and Dye 1956). Amorphous materials can 





internal mobility than the rubbery state (Ergun and others 2010). Crystalline materials are 
less susceptible to caking due to its ordered state of molecular arrangement, especially 
below its deliquescence point (Ergun and others 2010). However, crystalline materials are 
susceptible to capillary condensation even below its deliquescence point, causing caking 
(Scholl and Schmidt 2014). Capillary condensation can begin at relative humidity value 
dependent on the size of the confined space between crystal contact points (Billings and 
others 2006). Consequently, amorphous and crystalline confections are both susceptible to 
differing moisture-induced stability issues, both requiring specific storage conditions to 
maintain shelf-life.  
There are limitations to using cook temperature to determine attributes of a final 
product, as there are other factors at play, such as initial formulation and additional 
processing steps. Therefore, this study focuses on using thermal behavior parameters to 
predict attributes of a final product. Thermal behavior parameters, such as the glass 
transition temperature (Tg), are indicative of textural and stability behavior (Ergun and 
others 2010). The Tg of a confection is affected by a number of factors including 
formulation and moisture content. The confection Tg will reflect a mixture of the individual 
ingredients’ Tg values, potentially broadening the glass transition temperature range. A 
higher molecular weight is correlated with a higher Tg (Smidova and others 2003), while 
Tg and moisture content are inversely related. Additionally, Tg is affected by the extent of 
thermal decomposition during heating, where increased thermal decomposition broadens 
the glass transition temperature range (Lee and others 2011). Purchasing a Differential 





thermal behavior parameters is beneficial to the end quality of confections and goes 
beyond the scope of just monitoring cook temperature. 
The stages of sugar cooking cover a wide variety of confections, each with different 
texture, stability, and thermal behavior. Thermal behavior parameters were found in the 
literature for the following confections: caramel (Chung and others 1999, Ahmed and 
others 2006, Barra and Mitchell 2013), marshmallow (Lim and others 2006, Hartel and 
Nowakowski 2016), and hard candy (Nowakowski 2000, Smidova and others 2003, 
Roudaut 2007, Reinheimer and others 2010, Hartel and Hartel 2014b, Hartel and 
Nowakowski 2016). These literature thermal behavior parameters were provided specific 
to that confection, with no comparison to that of other confections or the stages of sugar 
cooking. Literature moisture content and aw values were found for the other confections 
studied herein, though no Tg values were found (Lees 1995, Ruffinatti 2006, Ergun and 
others 2010).  Per marshmallow’s high moisture and low Tg value, they are susceptible to 
hardening and undesirable crystallization (Lim and other 2006, Ergun and others 2010, 
Hartel and Nowakowski 2016). Storing marshmallow at a temperature below its Tg is 
pertinent to maintaining a stable high-quality product. Fudge is also a high moisture 
confection, and is susceptible to hardening from loss of water, similar to marshmallow. The 
Tg value of marshmallow cannot be assumed as the Tg value for fudge, as they are in 
different stages of sugar cooking and have different formulations. Without thermal 
behavior data on fudge, it is uncertain what temperature fudge should be stored under to 
prevent hardening.  
Incorporating thermal behavior parameters into the stages of sugar cooking will 





sugar-based confections. Understanding the thermal behavior of different types of 
confections can help control shelf life through formulation, processing, and proper storage 
conditions. Strategic formulation will directly affect the stability, quality, flavor, and texture 
of the final product, showcasing the value of a material science approach to product 
development. Therefore, the objective of this research is to investigate the thermal 
behavior of a model sugar-based confectionery system as a function of the six stages of 
sugar cooking, as well as representative commercial confections from each sugar cooking 
stage.  
2.3 Materials and Methods 
Materials 
 The following confections were purchased from local grocery stores: Bit-O-Honey 
(Pearon’s Candy Company, St. Paul, MN), butterscotch hard candy (Great Value, Wal-Mart, 
Bentonville, AR), candy corn (Ferrara Candy Company, Oakbrook Terrace, IL), circus 
peanuts (Impact Confections, Inc., Janesville, WI), Dum Dums (Spangler Candy Company, 
Bryan, OH), fondant (Fondarific Brand, Candy Craft Creations, Garden City, GA), Cool Bliss 
Popped Bliss fudge (Cool Bliss Popped Bliss, Champaign, IL), Fannie May fudge (Fannie 
May, Canton, OH), gummy bears (HARIBO of America, Inc., Bonn, GER), jelly beans (Jelly 
Belly Candy Company, Fairfield, CA), Jolly Rancher (Hershey Company, Hershey, PA), Kraft 
soft caramel (Kraft Heinz Company, Chicago, IL), Laffy Taffy (Nestle, Vevey, CH), 
marshmallows (Nice!, Walgreens, Deerfield, IL), peanut brittle (Old Dominion Peanut 
Company, Royal Enterprises, Hillside, NJ), Peeps (Just Born, Bethlehem, PA), Pez, (Pez 





Walgreens, Deerfield, IL), toffee (Roshen Confectionery Corporation, Kiev, UKR), Tootsie 
Roll (Tootsie Roll Inc., Chicago, IL), Werther’s hard caramels (Werther’s Original Brand, 
Storck, Chicago, IL), and Werther’s soft caramels (Werther’s Original Brand, Storck, 
Chicago, IL).  All materials were stored under room temperature (25.0 ± 0.77°C) and 
humidity (31.4 ± 11.5 %RH) conditions in their original packaging until use. All materials 
were tested “as is”. The interior of the Peeps was utilized to represent the Peeps confection, 
as the exterior was coated with crystalline sugar. These confections were selected to 
represent each of the stages of sugar cooking, aside from the thread stage. The thread stage 
was disregarded due to the difficulty associated with measuring samples at high moisture 
content, above 20% wb as cited in (Just a Pinch Recipe Club LLC 2012, Science and Food 
2014, Visionlearning Inc 2014, Vox Media Inc 2014, Exploratorium 2015, Sarah Phillips Inc 
2016). This high moisture content would be expected to yield a low glass transition 
temperature, requiring the sample to be brought to a low temperature for analysis. This 
would yield a Tg’ value rather than a Tg value. The Tg’ value is associated with a maximally 
freeze-concentrated solute matrix, where any moisture content values below a certain 
threshold (around 20% wb for a sucrose solution) would yield the same Tg’ value (Slade 
and Levine 1991, Schmidt 2004, University of Guelph 2017).  Additionally, the 
representative confections found in the literature for thread stage are not true confections 
(e.g. Sugar syrup, fruit preserves, fruit liqueur).  A few of the selected confections were not 
defined by the stages of sugar cooking, but were analyzed due to their popularity among 
consumers. 
 A model sugar-based confectionery system was developed to represent the six 





Foods, Inc., Iselin, NJ), 62 DE corn syrup (GFS, Grand Rapids, MI), and triple-filtered tap 
water (2 carbon filters, 1 reverse osmosis filter) in a 70:30 ratio of solids to moisture and 
70:30 ratio of sucrose to corn syrup solids. These ratios were selected to best represent 
various confections across the stages of sugar cooking (Pennington and Baker 1990, Jeffery 
2001, Lim and others 2006, Ergun and others 2010, Spackman and Schmidt 2010, Hartel 
and others 2011). Although the stages of sugar cooking is assumed to be applied to a sugar 
syrup (i.e., sucrose and water mixture) as aforementioned, corn syrup was added in this 
experiment as a doctoring agent to prevent unwanted crystallization and because it is a 
common ingredient in modern confections. Corn syrup inhibited crystallization both during 
and after cooking, ensuring 100% amorphous material for full analysis of the glass 
transition (Greweling 2013). Similarly, corn syrup is added to most confections to inhibit 
unwanted crystallization and increase stability. 
 The materials for the model sugar-based confectionery system were mixed in the 
aforementioned ratios in a copper-bottomed stainless steel saucepan. The total batch size 
was 459g, Table 2.1 lists the gram amounts of each component in the model system. The 
amount of water contributed by the corn syrup was accounted for in the formulation, and 
was approximately 20 %wb as determined by a previous study (Mayhew 2017). The 
temperature was monitored throughout the cooking process using a high accuracy 
Traceable® thermocouple (Thermo Fischer Scientific Company, Waltham, MA) and stirred 
continuously over a gas range. Sample was removed from the saucepan at each of the 
following temperatures: 110°C, 115°C, 120°C, 125°C, 135°C, and 150°C which were 
selected to represent the thread, soft ball, firm ball, hard ball, soft crack, and hard crack 





paper in metal trays. Immediately, the samples were subjected to liquid nitrogen for quick 
cooling. Quick cooling helped ensure the samples would be amorphous rather than 
crystalline. Samples were subjected to additional liquid nitrogen as needed to keep the 
sample at a practical consistency for handling. Without the addition of liquid nitrogen, the 
110°C, 115°C, 120°C and 125°C samples were too sticky to be efficiently deposited into DSC 
pans, water activity cups, and glass vials to send out for moisture content.  
Methods 
Water Activity Determination 
Water activity (aw) of all samples was determined in triplicate at 25°C using an 
Aqualab dew point water activity meter 4TE (Decagon Devices, Pullman, WA). The aw 
meter was calibrated with verification standard solutions and 0.250 aw and 0.920 aw 
(Aqualab, Decagon Devices, Pullman, WA) prior to use, as needed. Each sample was 
manipulated to cover the entire bottom surface of the sample pans, with preparation 
varying depending on the sample type. The hard candies were ground to a uniform particle 
size using a mortar and pestle, while the soft candies were cut into smaller pieces, 
immediately before testing. This was done to increase sample surface area for ease of 
equilibration, and to best model the entire confection sample. Model system samples were 
subjected to liquid nitrogen to allow for easier manipulation of sample, allowing the sample 
to be shattered and deposited into sample pans.  
Moisture Content Determination 
Moisture content of confection samples was determined in triplicate using an 





MA). Aluminum pans were stored in a desiccator to dry for at least 3 days prior to use. 
Samples were approximately 5g and prepared as a thin layer spread over the bottom of the 
sample pans. The oven temperature was 60°C and the vacuum setting was approximately 
30 psi (or 61 Hg). The samples ran in the vacuum oven for 24 hours. The samples were 
allowed to cool for approximately 5 minutes in a desiccator prior to taking the final mass. 
The change in mass was assumed to all be due to moisture loss. Moisture content was 
calculated on a % wet basis. 
Model system samples were subjected to liquid nitrogen to allow for easier 
manipulation of the sample, allowing the sample to be shattered and deposited into glass 
vials. The glass vials were sealed with parafilm and sent to DonLevy Laboratories (Crown 
Point, IN) for volumetric Karl Fischer titration (EMD, Aquastar AQV21) at ambient 
conditions of 24.4±0.59°C and 23.6±0.87% relative humidity. Moisture content was 
determined in duplicate for each sample from 3 separate batches and reported by % wet 
basis. Samples of approximately 0.5g were continuously stirred in a 50% formamide, 50% 
methanol solvent system until dissolved, about 5 minutes. Samples were then titrated to 
the end point of drift, which was approximately 10 minutes.  
Thermal Analysis Using DSC 
 Thermal analysis was conducted using a DSC Q2000 (TA Instruments, New Castle, 
DE). Hermetic aluminum Tzero pans and lids (TA instruments, New Castle, DE) were used 
for all experiments, including a sealed empty pan as the reference. Dry nitrogen gas, at a 
flow rate of 50 mL/min, served as the purge gas. Sample weights were approximately 5mg 
and experiments were carried out in duplicate. With some of the sticker samples, a small 





folded over itself to press the sample into a flat disc shape to increase surface area and 
facilitate sample contact with the pan. The sample was then deposited into the sample pan 
without the parchment paper. All DSC scans were analyzed using Universal Analysis 
software (Version 4.5A, TA Instruments, New Castle, DE) to determine thermal behavior 
parameters. The parameters of interest were the glass transition temperature (Tg onset, Tg 
midpoint, Tg endpoint, °C), change in heat capacity (ΔCp, J/g °C), melting temperature (Tm 
onset and Tm peak, °C), melting enthalpy (ΔH, J/g), and approximate percent amorphous 
content for mixed amorphous and crystalline material samples. Glass transition and 
percent amorphous content parameters were collected using manual tangent selection 
with the step midpoint at half height, and melt parameters were collected using the 
sigmoidal peak integration function. Different DSC testing procedures were implemented 
depending on the thermal events of interest and to separate any possible interfering 
thermal events, which are shown in Table 2.2. Example DSC curves for each type of DSC 
testing procedure are shown in Appendix A.   
Low Temperature DSC Testing Procedure 
 Heating to 95°C was a standard test run on every confection to determine thermal 
behavior and to determine the need for any additional DSC testing. The samples were 
equilibrated at -80°C, held at -80°C for 5 min, and heated at a rate of 5°C/min to 95°C. This 
temperature range was utilized as the standard run as the temperature range -80 to 95°C 
would include the glass transition for all of the samples. This was the only DSC test 
conducted on the model system, as the glass transition was the only thermal event that 
occurred, with the exception of physical aging in the 150°C hard crack sample. Some 





sources). In some cases, the melting peak from non-sugar ingredients (e.g., lipids) 
overlapped with the glass transition. Some confections displayed physical aging, which also 
overlapped with the glass transition. Additional testing was used to discern the glass 
transition from any overlapped thermal events or physical aging.  The ΔCp from this 
preliminary run, coupled with literature information, would give an indication of whether 
or not the sample should be run to a higher end temperature to capture the melting of 
crystalline sugars.  
High Temperature DSC Testing Procedure 
Heating to 200°C was applied for any sample that was suspected to have some 
crystalline sugar content due to the ΔCp from the preliminary 95°C run or from literature 
sources. The samples were equilibrated at -80°C, held at -80°C for 5 min, and heated at a 
rate of 5°C/min to 200°C. This extended heating range would capture both the glass 
transition and sugar melt peak for a mixed amorphous and crystalline material confection. 
If there was no sugar melt peak recorded, the confection was assumed to be fully or near-
fully amorphous. The high moisture content of some samples required the sample to be 
desiccated for 48 hr prior to testing to avoid sample pan burst with the high heating 
procedure. 
Heat-Cool-Heat DSC Testing Procedure 
 A heat-cool-heat technique was applied for any samples that had overlapping 
thermal events or physical aging interfering with the glass transition event (Thomas and 
Schmidt 2017). Some overlapping thermal events were due to melting of lipids within the 





used in this study. The samples were equilibrated at -80°C, held at -80°C for 5 min, heated 
at a rate of 5°C/min to 80°C, held at 80°C for 1 min, cooled at a rate of 5°C/min to -50°C, 
held at -50°C for 5 min, and heated at a rate of 5°C/min to 95°C. Heating the sample 
through the thermal event of interest, cooling it back down, and heating it a second time 
helped to identify overlapping thermal events and erase any physical aging that had 
occurred in the sample. Analysis of the glass transition parameters utilized the second DSC 
heating curve to guide placement of the cursors on the first heating curve. Analysis was 
carried out on the first heating curve, as the thermal event would shift on the second 
heating and yield inaccurate results (Yuan and others 2011). This technique allowed for 
analysis of the glass transition, separating the glass transition from interfering thermal 
events or physical aging, opposed to running modulated DSC.  
Amorphous Content DSC Testing Procedure 
 Approximation of amorphous content in a mixed amorphous and crystalline 
material confection is another type of heat-cool-heat technique. Prior to approximation of 
amorphous content, the sample had to have been heated to 200°C to determine where the 
sugar melt peak was occurring. The samples were equilibrated at -80°C, held at -80°C for 5 
min, heated at a rate of 5°C/min to an observed temperature past the sugar melt peak from 
a previous test (typically 185°C), held there for 1 min, cooled at a rate of 5°C/min to -50°C, 
held at -50°C for 5 min, and heated at a rate of 5°C/min to 95°C. It is important to heat the 
sample to a point above the entire sugar melt peak, as this followed by quick cooling will 
not allow the sugar to recrystallize. After the second heating, the sugar is assumed to be 
completely amorphous. The ΔCp of the first heating glass transition is divided by the ΔCp of 





The first heat ΔCp represents the amount of amorphous material in the “as is” sample, and 
the second heat ΔCp represents 100% amorphous sugar in the sample. In the case of some 
samples, their high moisture content required the sample to be desiccated for 48 hr prior 
to testing to avoid sample pan burst with the high heating procedure. Unfortunately, a few 
of the samples had overlapping lipid melting peak with the glass transition, preventing 
approximation of amorphous content using this method.   
 
2.4 Results and Discussion 
Thermal Behavior of Model System  
Figure 2.1 shows an example DSC curve of the model system for each stage of sugar 
cooking. Representative DSC curves for each stage of sugar cooking are provided in 
Appendix C. Table 2.3 summarizes the average moisture content (%wb), aw, and Tg 
parameter (Tg onset, Tg midpoint, Tg endpoint, ΔCp) values for each sugar cooking stage.  
The moisture content of the stages ranged from 14.62 to 2.76 %wb, with the 
moisture content decreasing from thread to hard crack stage, as expected due to increased 
cook temperatures. As the cook temperature increases from the thread to hard crack stage, 
additional amounts of water are driven off. Some literature sources provide an estimate of 
the sugar concentration at each stage; hence the moisture content can be obtained by 
subtraction, assuming the sugar cooking formula is a simple sugar-water system. Table 2.4 
contains the moisture content ranges for each stage of sugar cooking as a compilation of a 
number of values from different literature sources (Just a Pinch Recipe Club LLC 2012, 





Sarah Phillips Inc 2016). The measured average moisture content values for each stage do 
not correspond exactly with the literature moisture content ranges for each stage. This is 
likely due to the fact that the data herein utilizes a single cook temperature within each 
stage of sugar cooking, rather than multiple cook temperatures to more accurately 
represent the range of cook temperatures for each stage of sugar cooking. It was assumed 
that the formulation for the stages of sugar cooking is typically sugar and water, as the only 
concentration that was reference in literature sources was for sugar. Additionally, corn 
syrup was incorporated into the sugar-water mixture for the research herein, as many 
confections include corn syrup to inhibit unwanted crystallization.  
The aw of the stages ranged from 0.63 to 0.40, with the aw decreasing from thread to 
hard crack stage, as expected due to water loss. Moisture content and aw are correlated, 
though in a nonlinear fashion, and both parameters decreased from thread to hard crack 
stage. Some amorphous carbohydrates, such as hard candy and cotton candy, exhibit type I 
isotherms, while many other confections such as caramel, fudge, and nougat, exhibit type II 
or type III isotherms (Ergun and others 2010). More moisture is driven off with increased 
cooking time and temperature through the cooking stages, causing the concentration of 
sugar to increase. Sucrose and corn syrup are known to depress the water activity of a 
solution, both being humectants (Ergun and others 2010). 
The Tg midpoint of the cooking stages ranged from -26.85 to 41.74 °C, with the Tg 
midpoint increasing from thread to hard crack stage, as expected due to loss of water. Tg is 
inversely related to moisture content; as the sample progresses from thread to hard crack 
stages. Tg increases as the sample moisture content decreases. Figure 2.2 depicts average 





midpoint did not increase proportionally with each stage, with a smaller change in Tg 
midpoint seen from thread to soft ball stage, in comparison to the change in Tg midpoint 
between the other cooking stages. This observation may be due to boiling point elevation, 
as the boiling point elevation for sucrose exponentially increases with decreasing moisture 
content and increasing cook temperature (Hartel and others 2011). Figure 2.3 shows the 
average Tg midpoint for the model system versus cook temperature for each stage of sugar 
cooking. The Tg midpoint increased with increasing cook temperature, due to the loss of 
water. A proportional increase in Tg with increasing cook temperature has been observed 
in a similar study investigating model caramel systems (Mayhew and others 2017). Though 
the Tg midpoint did not increase proportionally with each stage, with a smaller change in 
Tg midpoint seen from soft crack to hard crack stage in comparison to the other stages. 
This is likely because the moisture content and cook temperature also did not share a 
linear relationship, which can be observed in Figure 2.4. Just as the boiling point elevation 
is increasing at higher temperatures, the concentration of sucrose and corn syrup solids is 
also increasing. As humectants, sucrose and corn syrup promote retention of water (Ergun 
and others 2010, Hartel and others 2011). It is possible that this tapering of moisture 
content decrease from soft crack to hard crack stage is due to the humectant abilities of 
sucrose and corn syrup overcoming the effect of boiling point elevation.  
Mayhew (2017) developed empirical corrections to the Couchman-Karasz equation 
to improve its accuracy. Mayhew observed an overestimation of Tg from the modified 
models compared to experimental results. The experimental results aligned more closely to 
the original Couchman-Karasz equation. Similarly, there was an overestimation of Tg in the 





system used in this study. Thread stage experimental Tg was about 15 and 20 degrees 
lower than the polynomial and linear modified models, respectively. At the soft crack and 
hard crack stages, the Tg values were more closely aligned to the experimental results.  
Amorphous, Crystalline and Mixed State Characterization of Commercial Confections 
Example DSC curves of each commercial confection and their ingredient list is given 
in Appendix D. Of the twenty-three commercial confections that were evaluated: fourteen 
were in the amorphous state, two were in the crystalline state, and seven confections 
contained a mix of amorphous and crystalline states. Table 2.5 contains the thermal 
behavior parameters for the amorphous confections. Table 2.6 contains the thermal 
behavior parameters for the crystalline confections. The jelly bean is unique in the sense 
that the interior is a fully amorphous gummy candy, while the exterior is a fully crystalline 
panned coating that is applied to the interior after cooking and, thus, is not involved in the 
stages of sugar cooking. The thermal behavior parameters for jelly bean interior and 
exterior are provided separate from one another in Tables 2.4 and 2.5, respectively. Table 
2.7 contains the thermal behavior parameters for the mixed amorphous and crystalline 
confections. Three (Fannie May fudge, Cool Bliss Popped Bliss fudge, fondant) of the seven 
mixed confections did not allow for determination of amorphous to crystalline content due 
to the inclusion of lipid in their formulation. Since these confections were high in moisture 
(5.69 to 10.96% wb), they required desiccation prior to DSC analysis to prevent the pan 
from bursting at high scanning temperatures. The resultant loss in moisture content shifted 
the glass transition to higher temperatures, causing the Tg to overlap with the lipid melt 
peak(s). Separation of these thermal events would require modulated DSC (MDSC), which 





still possible that they may end up in the same signal (Thomas and Schmidt 2017). Pavan 
and others (2012) encountered a similar problem of lipid melt peaks overlapping with the 
glass transition, and they physically extracted the lipid prior to DSC analysis. This option 
could be difficult to apply to the commercial confections in this study, as they have 
complicated formulations and intricate food matrices.  
Soft Ball Stage Confections 
The moisture content, water activity, crystallinity and Tg literature values for 
confections listed herein can be found in Table 2.8. The moisture content of both fudge 
samples fell within the literature reported range of 6 to 18% wb (Ergun and others 2010). 
The aw values of both fudge samples was above the literature reported range from 0.45 to 
0.60, likely because they were made by artisanal or local shops, being intended for more 
immediate consumption (Ergun and others 2010). The fudge samples exhibited the lowest 
Tg values of all the confections, which was expected due to their high moisture and being 
categorized as a soft ball confection. No Tg values for fudge were found in the literature. 
Although approximation of the % amorphous content could not be obtained through DSC 
analysis, it can be assumed that the Cool Bliss Popped Bliss fudge contained more 
amorphous material than the Fannie May fudge. Typically, a ΔCp value of 0.78 J/g °C can be 
associated with a fully amorphous material (Magoń and others 2014); however, this value 
cannot be applied directly to a sample containing multiple amorphous materials. It can be 
assumed that a larger ΔCp value would correspond with a confection with a higher % 
amorphous content. Cool Bliss Popped Bliss fudge had a larger ΔCp value pertaining to a 
larger glass transition and smaller ΔH value pertaining to a smaller melt peak, in 





fudge had an overall softer texture in comparison to the Fannie May fudge, which is typical 
of lower crystallinity fudges (Jeffrey 2001).  
The moisture content for the fondant sample was lower than the literature obtained 
range of 10 to 18% wb (Ergun and others 2010). The measured low moisture content of 
fondant may be attributed to the presence of lipids and crystalline material. Taking the 
lipid and crystalline content into consideration, the moisture within the fondant would not 
be evenly distributed throughout the entire fondant matrix, but rather within the non-lipid, 
non-crystalline portions. The total moisture over the non-lipid, non-crystalline portion of 
the fondant would yield a higher moisture content, which can be referred to as the 
“effective moisture content.” In hindsight, selecting a fondant sample with no lipids would 
better represent a soft ball fondant.  The water activity of the fondant sample fell within the 
literature obtained range of 0.65 to 0.80 (Ergun and others 2010). The fondant sample had 
a low Tg value, though it was higher than the fudge samples, which was expected due to 
fondant having lower moisture content and water activity values. No Tg values for fondant 
were found in the literature. The size of both ΔCp and ΔH values for fondant cannot be 
directly compared to the fudge samples to compare % amorphous material, as fudge 
sample formulations were more similar with one another than with the fondant sample. 
The fondant sample has a broader Tm peak in comparison to the fudge samples, likely 
overlapping with the fondant lipid ingredients. Based on the literature, fondant contains 50 
to 60% crystalline sucrose in comparison to fudge, which can contain 0 to 30% crystalline 
sucrose (Jeffery 2001, Ergun and others 2010).  The fondant sample likely contained more 
crystalline material than the fudge samples based on this assumption, and its shorter 





Firm Ball Stage Confections 
The moisture content of the soft caramel and Tootsie Roll samples all correspond 
with the literature obtained range of 6 to 18 %wb for caramels (Ergun and others 2010). A 
Tootsie Roll has been defined to be similar to a soft caramel, due to its inclusion of milk 
ingredients and being intentionally partially crystalline (Hartel and others 2011, Hartel and 
Hartel 2014c). The samples were within the lower range of literature moisture content, all 
below 9% wb. The literature obtained moisture content range for caramels covers a wide 
variety of commercial caramel textures. High moisture caramels are soft and chewy, while 
low moisture caramels are hard and brittle. The three samples all had similar soft, chewy 
texture. The Tootsie Roll had the cleanest break, which was expected due to its lower 
moisture content value and crystalline content. The aw of the soft caramel and Tootsie Roll 
samples support the literature obtained range of 0.45 to 0.60 (Ergun and others 2010).  
Of the three caramel-related samples measured herein, the Werther’s soft caramel 
and Tootsie Roll had the highest Tg values of -11.17°C and 11.98°C, respectively. This was 
somewhat expected as the Werther’s soft caramel and Tootsie Roll contained more palm oil 
than other lipid sources, similar to results reported in Ahmed and others (2006) study. 
Additionally, the Tg of the Kraft soft caramel sample increased in the second heat, which 
contradicts what is typically observed in second heats. This is likely due to phase 
separation, as the lipid peak is more pronounced in the second heat, which would reduce 
the effect of plasticization on Tg by the lipid ingredients. Ahmed and others (2006) 
determined the Tg midpoint of formulated caramel samples to range from -22.1 to -14.5 °C 
by DSC on the heating run, with the sample that had a higher amount of vegetable lipid to 





butter or with similar amounts of vegetable lipid and butter. The Kraft soft caramel had the 
lowest Tg value of -16.46 °C and contained no butter. This was expected based upon Ahmed 
and others (2006) study where a formulated caramel sample with no butter exhibited a 
lower Tg than samples with butter. Barra and Mitchell (2013) determined the Tg onset 
from an immediate rescan to be from -37.2 to -13.3°C for formulated caramels; the other Tg 
parameters (midpoint and endpoint) were not reported. The first scan DSC thermograms 
were provided, though exact Tg value was not provided. The measured Tg onset values fall 
within this range, though it is difficult to compare the results to Barra and Mitchell (2013), 
as they recorded their values from a second heating run, which appeared to decrease the 
Tg onset lower by a few degrees. Chung and others (1999) determined the Tg to be from -
14.8 to -12.3 °C, though this was determined by NMR. NMR determines Tg at the molecular 
level, while DSC determines Tg at the mesoscopic level, which may result in different Tg 
values. Mayhew and others (2016) determined the Tg midpoint of commercial caramel 
corn-coating samples to range from 26.2 to 50.1 °C, which was much higher than Tg 
midpoint values for the soft caramel and Tootsie Roll samples. Mayhew and others (2016) 
commercial and formulated caramel corn-coating samples also had a much lower moisture 
content (1.26 to 3.77 %wb) and aw (0.21 to 0.28) than the moisture content (6.67 to 8.87 
%wb) and aw (0.49 to 0.55) of the soft caramel and Tootsie Roll samples. The high Tg 
values of the caramel corn-coating samples correspond to a crispier coating texture, which 
is preferred for caramel corn (Beck and others 2002), while soft caramels typically have a 
soft and chewy texture. Mayhew and others (2016) caramel corn-coating samples did not 
include a milk ingredient, aside from butter, while the caramel and Tootsie Roll samples 





the overall moisture content and thermal behavior. The caramel corn-coating samples 
studied by Mayhew and others (2016) behaved more similarly to hard caramel, which can 
be categorized with hard crack confections. 
The Tootsie Roll had approximately 39% crystalline content, which is a somewhat 
higher than the literature range of 0 to 30% crystallinity for caramels (Ergun and others 
2010). The literature crystallinity range pertains only to sugar and likely does not take into 
consideration other ingredients that could be in the crystalline state. Tootsie Rolls contain 
palm oil and milk ingredients that could crystallize. Thermal properties of palm oil and 
milk fat depend on their chemical composition; therefore additional testing would be 
required to determine their effect on the Tootsie Roll’s overall crystallinity (De and others 
2007, Omar and others 2015).  
Hard Ball Stage Confections 
The moisture content of the marshmallow samples (Peeps, marshmallow, and circus 
peanut) all fell within or very close to the literature ranges of 15 to 18 %wb for ungrained 
marshmallow, and 5 to 10 %wb for grained marshmallow (Ergun and others 2010). It is 
important to note that for marshmallow processing, additional moisture is typically added 
after the initial cook step, which affects the overall moisture content of the final product. 
This may have not been initially considered when marshmallow was included as a hard ball 
confection on the stages of sugar cooking. The circus peanut is the only marshmallow 
sample in this study that is grained, which was expected based on its shorter texture. The 
aw of the marshmallow samples all fell within or near to the literature range of 0.60 to 0.75 
(Ergun and others 2010). The Tg midpoint of the marshmallow samples ranged from -32.1 





others (2006) reported the Tg for a 19.5 %wb marshmallow to be -45°C. Hartel and 
Nowakowski (2016) acknowledged that the Tg of marshmallow could be as low as -40 °C 
due to its high moisture content. Unfortunately, both Tg literature sources did not specify 
the Tg location - onset, midpoint, or endpoint. The Peeps samples had the closest Tg value 
to literature, and had a higher moisture content (14.24 %wb) compared to the circus 
peanut (5.92 %wb), though it was a bit lower than the marshmallow (14.67 %wb). The 
marshmallow Tg was about 5°C higher than the Peeps, even with similar moisture content 
values. This is likely due to formulation, as the marshmallow contained more corn syrup 
than the Peeps, which can increase Tg due to the higher molecular weight sugars within 
corn syrup in comparison to sucrose (Ergun and others 2010, Hartel and others 2011). 
Different DE corn syrups may have been utilized, as a lower DE is typically associated with 
increased Tg values (Gabarra and Hartel 1998, Lim and others 2006). 20 DE corn syrup 
solids have a Tg of 139 °C, while 42 DE corn syrup solids have a Tg of 79 °C (Ergun and 
others 2010, Hartel and others 2011). It was not possible to obtain the DE information for 
the commercial samples used in the study herein. Additionally, the Peeps contained more 
gelatin than the marshmallow, along with no whipping agent, which could alter the 
moisture content and Tg. The circus peanut Tg was higher than the literature values, which 
was expected as the literature values pertained to ungrained marshmallow while circus 
peanut is a grained marshmallow. Also, the circus peanut had a lower moisture content 
than the marshmallow and Peeps samples. The estimated % crystalline content for the 
circus peanut, 53%, was higher than the literature range of 0 to 20 % for marshmallow 
(Ergun and others 2010). The method used in the study herein is an approximation of the 





literature range was reported as an estimation (Ergun and others 2010). There was no cold 
crystallization observed in the circus peanuts.  
The moisture content of both the gummy/jelly confections (gummy bear and jelly 
bean interior) supported the literature range of 8 to 22 %wb (Ergun and others 2010). The 
aw of the gummy samples fell within the literature range of 0.50 to 0.75 (Ergun and others 
2010). The Tg onset of gummy bear (-33.47 °C) was lower than that of the jelly bean 
interior (-16.50 °C), which was expected due to the difference in moisture content. Hartel 
and Nowakowski (2016) believe that the Tg could range from -30 to -40 °C, or lower, for a 
higher moisture gummy candy of about 18 to 20% wb. The moistures for gummy bear and 
jelly bean interior were 15.82 and 8.65 %wb, respectively. Both contained no crystalline 
material, due to their gel structure (Jeffrey 2001). Technically, the gummy bear is 
considered a gummy candy due to its inclusion of gelatin, while the jelly bean is considered 
a jelly candy as it is made with another gelling agent, starch (Hartel and Nowakowski 
2016). 
Candy corn is defined as a mallow cream, where fondant is combined with 
marshmallow-like ingredient (Hartel and Hartel 2014d). The moisture content for candy 
corn fell below the literature range of 10 to 18 %wb for fondant (Ergun and others 2010). 
The moisture content for candy corn falls near the literature range of 5 to 10 %wb for 
grained marshmallow (Ergun and others 2010). The aw for candy corn was lower than the 
literature ranges of 0.65 to 0.80 for fondant and 0.60 to 0.75 for marshmallow (Ergun and 
others 2010). It is expected that the moisture content and aw values for candy corn would 
be below the literature ranges for fondant and marshmallow, as candy corn has a harder 





starch molding, where one of the steps involves allowing the candy to rest in trays to 
encourage sugar crystal growth and migration of moisture from the candy to the 
cornstarch lining the molding trays (Hartel and Hartel 2014d). The Tg midpoint of candy 
corn (-3.72 °C) was much higher than fondant (-27.87 °C), Peeps (-32.10 °C), marshmallow 
(-25.77 °C), and circus peanut (-12.84 °C). No moisture content, aw, or Tg values for candy 
corn were found in the literature. The presence of crystalline sucrose, along with the lower 
moisture content and aw values, cause higher Tg in candy corn in comparison to fondant 
and marshmallow. The approximated % crystalline material of candy corn (55.33%) fell 
within the literature range for fondant (50 to 60%) though was above that of marshmallow 
(0 to 20%). This is likely due to the fact that the starting material for candy corn is fondant, 
therefore it is likely more compositionally similar to fondant than marshmallow. 
Additionally, candy corn processing specifically encourages crystal growth and formation 
(Hartel and Hartel 2014d).  
Soft Crack Stage Confections  
The moisture content of the taffy confections (salt water taffy, Laffy Taffy, Bit-O-
Honey) all were within the literature range of 4.5 to 9 %wb for taffy (Ruffinatti 2006). Laffy 
Taffy had the lowest moisture content at 5.18 %wb, with Bit-O-Honey having 8.06 %wb, 
and salt Water Taffy had the highest moisture content at 8.40 %wb. Taffy can be 
categorized with marshmallow, both being aerated confections, though taffy is less aerated 
and thus exhibits a shorter, denser texture (Hartel and Nowakowski 2016). Bit-O-Honey is 
denser than salt water taffy, due to its inclusion of nonfat milk, egg whites, and modified 
soy protein to stabilize the air bubbles (Hartel and Hartel 2014e). Literature has suggested 





Hartel 2014e); however, the sample herein exhibited solely amorphous behavior in this 
study. The Tg midpoints of the taffy samples (-7.86 to -0.33 °C) were higher than the 
marshmallow samples (-32.10 to -12.84 °C), though this was expected due to the difference 
in moisture content and being categorized into different stages of sugar cooking. The Bit-O-
Honey exhibited the highest Tg midpoint of -0.33 °C, though it did not have the lowest 
moisture content of all the taffy samples. The Tg midpoint of Laffy Taffy was -6.16 °C, which 
was not far from that of salt water taffy at -7.86 °C, although salt water taffy had a moisture 
content of 8.40 %wb in comparison to a moisture content of 5.18 %wb for Laffy Taffy. 
These discrepancies between Tg and moisture content are likely due to formulation and 
aeration differences between the taffy samples. No aw or Tg values for taffy were found in 
the literature. Although no analytical testing for density was done on the samples, the Bit-
O-Honey had the densest texture, followed by Laffy Taffy, with salt water taffy being the 
least dense. The inclusion of ingredients that were not consistent between the taffy 
samples such as: nonfat milk, egg whites, modified soy protein, chocolate liquor, 
hydrogenated cottonseed oil, etc. could have caused differences in moisture content and Tg 
parameters. Additionally, there may have been different amounts of corn syrup or different 
DE corn syrups in each of the taffy samples. Tg of sucrose and corn syrup mixtures have 
been shown to depend on number-average molecular weight (Gabarra and Hartel 1998).  
The moisture content of the toffee sample fell within the literature range of 6 to 
18% (Ergun and others 2010). The aw of the toffee sample fell near the literature range of 
0.45 to 0.60 (Ergun and others 2010). Toffee is similar to caramel as it has a wide moisture 
content range and hence has a variety of possible textures. High moisture toffee is flexible 





candy. The Tg midpoint of toffee (-5.81 °C) fell within the Tg midpoint range of the taffy 
samples (-7.86 to -0.33 °C), which was expected as toffee and taffy are both soft crack 
confections. No Tg values for toffee were found in the literature. The Tg midpoint of toffee 
was higher than both of the soft caramel samples (-16.46 and -11.17 °C) though the 
moisture content of toffee (7.09 %wb) was slightly lower than the moisture content of both 
soft caramel samples (7.41 and 8.87 %wb). The aw of toffee (0.44) was lower than both soft 
caramel samples (0.54 and 0.49). These discrepancies are likely related to formulation 
differences. It is difficult to compare exact amounts of ingredients in each sample, though 
the ingredient list shows that the toffee has a higher ratio of corn syrup to sugar than the 
soft caramel samples. Toffee typically includes high levels of corn syrup to inhibit cold flow 
(Stansell 1995). Corn syrup can increase the Tg, depending on the contents of the corn 
syrup, it may contain higher molecular weight components than sucrose (Ergun and others 
2010, Hartel and others 2011). Additionally, toffee had a higher amount of milk ingredient 
than sucrose, unlike both soft caramel samples.  
The thermal behavior of the selected soft crack confections behaved more similarly 
to confections in the previous stages (hard ball stage), with lower Tg and higher moisture 
content values than expected. In retrospect, this is likely due to the sample selection, as the 
taffy and toffee samples selected had a softer texture. Future work should focus on 
evaluating the thermal behavior of samples that better represent the soft crack stage, such 
as Turkish taffy and more brittle toffees.  
Hard Crack Stage Confections  
The moisture content of the hard candy confections (butterscotch hard candy, 





literature range of 2 to 5 %wb (Ergun and others 2010). The moisture content for 
butterscotch hard candy, peanut brittle, Dum Dums, Werther’s hard caramel, and Jolly 
Rancher were 0.09, 0.72, 0.72, 1.46, and 2.45 %wb, respectively. The aw of the hard candy 
confections fell within or near the literature range of 0.25 to 0.40 (Ergun and others 2010). 
The aw for butterscotch hard candy, peanut brittle, Dum Dums, Werther’s hard caramel, 
and Jolly Rancher were 0.13, 0.20, 0.23, 0.28, and 0.34, respectively. The Jolly Rancher 
exhibited the lowest Tg, increasing from Werther’s hard caramel, peanut brittle, 
butterscotch hard candy, and Dum Dums having the highest Tg. The Tg of all the hard 
candy samples supported what has been found in the literature. Nowakowski (2000) 
measured the Tg of commercial hard candies with a moisture content of 2.8 to 4.8 %wb to 
range from 26.6 to 41.2 °C, and the Tg of formulated hard candies with a moisture content 
of 2.8 to 5.3 %wb to range from 19.1 to 67.9 °C. Smidova and others (2003) reported the Tg 
parameters of commercial hard candies with a moisture content of 2.1 to 5.1 %wb to as 
follows: Tg onset 22.4 to 53.2 °C and Tg endpoint 39.0 to 67.8 °C. Reinheimer and others 
(2010) measured the Tg parameters of commercial hard candies with a moisture content of 
2.5 %wb as follows: Tg onset 35.36 °C, Tg midpoint 35.85 °C, Tg endpoint 36.37 °C. Hartel 
and Hartel (2014b) measured the Tg of Jolly Rancher to be about 26 °C, and the Tg of 
LifeSaver to be about 42 °C. Roudaut (2007) cites the Tg for hard candy to range from 25 to 
45 °C while Hartel and Nowakowski (2016) cite the Tg for hard candy to range from 30 to 
45 °C, though these values were not experimentally determined.  
Werther’s hard caramel had a Tg midpoint of 43.9 °C, falling within the range of Tg 
midpoint values determined for commercial and formulated caramel corn-coating samples 





hard caramel also corresponded with the moisture content (1.26 to 3.77 %wb) and aw 
(0.21 to 0.28) of caramel corn-coating samples (Mayhew and others 2016). The high Tg 
values of the caramel corn-coating samples correspond to a crispier coating texture, which 
is preferred for caramel corn (Beck and others 2002). Although caramel corn-coating is not 
defined in the stages of sugar cooking, its low moisture content, low aw, and high Tg values 
are similar to hard caramel, which is considered a hard candy categorized in the hard crack 
stage. The Werther’s hard caramel formulation was more similar to that of the caramel 
corn-coating samples in Mayhew and others (2016) study, than to the soft caramel samples 
studied herein. Both the Werther’s hard caramel and Mayhew and others (2016) caramel 
corn-coating samples did not contain skim milk, while the soft caramel samples did. 
The order of hard candy samples’ increasing Tg did not match as expected with 
moisture content and aw values. Jolly Rancher had the highest moisture content and second 
highest aw values, at 2.45 %wb and 0.28, and exhibited the lowest Tg values by far. Jolly 
Rancher Tg ranged across room temperature, as reported in literature, and did not overlap 
with the Tg range of the remaining hard candy samples (Hartel and Hartel 2014b). 
Werther’s hard caramel had the second highest moisture content and highest aw values, at 
1.46 %wb and 0.34, and exhibited the second lowest Tg value. It would be expected to have 
a Tg closer to the Tg of Jolly Rancher, given its similarity in moisture content and aw. 
However, this discrepancy is likely due to formulation differences.  
The Werther’s hard caramel sample contained lipids from dairy ingredients, while 
the Jolly Rancher contained no lipids. Additionally, the Jolly Rancher formulation included a 
higher ratio of corn syrup to sucrose than the Werther’s hard caramel. Corn syrup can 





candy had the lowest moisture content and aw values at 0.09 %wb and 0.13, though its Tg 
range was around that of Dum Dums. Dum Dums had moisture content and aw values of 
0.72 %wb and 0.23, therefore it would be reasonable to assume that butterscotch hard 
candy would have a higher Tg than Dum Dums, with those differences in moisture content 
and aw. Their Tg values are about the same likely due to butterscotch hard candy 
formulation including a higher ratio of corn syrup to sucrose than Dum Dums, as corn 
syrup is known to influence the Tg and aw values.   
Miscellaneous Confections  
 In addition to the jelly bean exterior that was mentioned earlier, two additional 
candies were evaluated in this study that did not belong to a particular stage of sugar 
cooking, Pez and rock candy.  
 Jelly bean exterior is a soft panned coating on a gummy candy. It does not belong to 
a stage of sugar cooking as the soft panned coating is not subjected to heating, rather the 
coating is dried through evaporation. A soft panned coating can be partially amorphous, 
though the particular sample that was used in this study exhibited only crystalline 
behavior. The moisture content of the jelly bean exterior was 4.12 %wb, falling within the 
literature range of 3 to 6 %wb (Ergun and others 2010). The aw of the jelly bean exterior 
was 0.50, falling within the literature range of 0.40 to 0.65 (Ergun and others 2010). The 
Tm peak was 166.31 °C, with a Tm onset of 127.96 °C. The melt peak is broad likely due to 
the inclusion of corn syrup in the formulation, introducing numerous low molecular weight 
sugars. No Tg or Tm values of soft panned coating were found in the literature. 
Pez is a tableted confection, with mixed crystalline and amorphous content due to 





not require heating, therefore it does not belong to a stage of sugar cooking. The moisture 
content of the Pez sample was 0.23 %wb, falling within the literature range of 0 to 1 %wb 
(Ergun and others 2010). The aw of the Pez sample was 0.29, falling below the literature 
range of 0.40 to 0.75 (Ergun and others 2010). The inclusion of corn syrup and lipid 
ingredients may have lowered the aw below the literature range. The Tg midpoint of Pez 
was 14.68 °C, which was most similar to the Jolly Rancher Tg. This Tg value fell between 
the commercial confections of soft crack stage and hard crack stage. The formulation of Pez 
is quite similar to a hard candy, rather than the inclusion of lipid ingredients, though they 
are processed in a different manner. Pez Tm peak was at 164.34 °C and the crystallinity 
was about 92%, which was within the obtained literature range of 75 to 95% (Ergun and 
others 2010).  No Tg or Tm values for tableted confections were found in the literature. 
Rock candy is a crystalline confection, comprised entirely of relatively large sucrose 
crystals. Unlike most confections, extensive crystallization is desired, so the initial solution 
is supersaturated and the product is allowed to cool slowly to encourage formation of large 
crystals. The supersaturated sucrose solution is cooked to the hard ball stage, though it is 
not being considered as a representative confection of the stages of sugar cooking for this 
study as it contains no amorphous material. The moisture content of the rock candy sample 
at 0.12 %wb was much lower than the literature range of 4 to 6 %wb (Lees 1995). The aw 
of the rock candy at 0.69 was unexpected given its very low moisture content value. The 
high aw value is likely due aw measuring only the surface water of the sample and 
introduction of water from mother liquor occlusions in the sample during preparation. 
Water activity of a crystalline sucrose sample is not constant due to the rapid adsorption of 





known to include mother liquor occlusions. The rock candy sample was broken up and 
ground with a mortar and pestle to increase surface area for aw measurement, though this 
likely introduced water from mother liquor occlusions into the overall sample. The 
sample’s high aw reflects the saturation point of mother liquor occlusions which has an aw 
of 0.85 (Powers 1956).  
ΔTg of Commercial Confections 
ΔTg (Tg endpoint – Tg onset) values are given in Table 2.9 for all confections that 
exhibited a glass transition. The ΔTg was a thermal behavior parameter of interest in this 
study as the range of temperatures where the Tg takes place affects the texture of a 
confection during consumption. Of the twenty-two confections, the ΔTg ranges from 4.23 to 
28.34 °C. The size of the confections’ ΔTg is not dictated through their moisture content, 
water activity, or stage of sugar cooking. Upon closer examination of the confections’ 
ingredient lists, the formulation seems to play a key role in the size of the ΔTg. For example, 
most of the confections with larger ΔTg values have corn syrup listed as the first ingredient 
or other sugars aside from sucrose included in the formulation. Corn syrup contains 
glucose chains of varying length, thus introducing sugars with a variety of molecular 
weights (Brooks and Griffin 1987). Molecular weight is known to be positively correlated 
with Tg (Smidova and others 2003). With a mixture of sugars within a confection, the 
overall Tg would reflect each of the sugar’s individual Tg values. The glucose chains within 
corn syrup and other monosaccharides in a confection’s formulation, would exhibit lower 
Tg values than sucrose, therefore broadening the ΔTg. This influence of corn syrup on ΔTg 
can be seen when comparing Jolly Rancher (ΔTg = 28.34 °C) to Dum Dums (ΔTg  = 6.16 °C). 





difference is that Jolly Rancher contains more corn syrup than sugar, while Dum Dums 
contains more sugar than corn syrup. Likely, the inclusion of higher amounts of corn syrup 
in Jolly Rancher creates a broader mixture of individual Tg values in comparison to Dum 
Dums. Also, Jolly Rancher had a higher moisture content of 2.45 %wb compared to Dum 
Dums which had a moisture content of 0.72 %wb. Another pattern that was noticed in the 
formulation was the inclusion of gelatin being related to a confection having a larger ΔTg. 
Gelatin can be amorphous, though its Tg parameters depend on many factors including: 
supermolecular structure, degree of ordering, moisture content, and bound water content 
(Tseretely and Smirnova 1992, Iwamoto and others 1999). As a gelling agent, gelatin also 
interacts with water and influences the viscosity. Therefore, the gelatin could be causing 
the ΔTg to be broader.  
Thermal Behavior of Model System versus Commercial Confections  
For comparison of the thermal behavior of the model system and representative 
commercial confections, the glass transition was the main point of focus due to its 
importance to end product texture and stability. Comparison of the thermal behavior 
profiles of the model system and representative confections can be seen in Table 2.10. 
Figure 2.5 also compares the Tg midpoint and moisture content of the model system and 
confections. The thermal behavior of certain stages of sugar cooking were more consistent 
between model system and representative commercial confections than other stages. The 
hard crack stage had very similar Tg parameters between both model system and 
representative confections, with a slight difference seen in moisture content. The hard 
crack confections have the simplest formulations than any other confection; their 





sugar cooking. Therefore, the similarity in formulation between hard crack representative 
confections and model system is likely influencing their similarity in Tg midpoint and 
moisture content.  
In comparison, the Tg values for the hard ball stage are very different between the 
model system and representative commercial confections. Many of the hard ball 
confections have complex formulations, with various ingredients that can alter the thermal 
behavior profile such as gelatin and additional sugars aside from sucrose. The molecular 
weight differences from other sugars will affect the overall Tg (Gabarra and Hartel 1998). 
Gelatin will influence the moisture content through its interaction with water and the Tg 
through its ability to form an amorphous structure (Tseretely and Smirnova 1992, 
Iwamoto and others 1999). Ingredients that have an influence on moisture content and aw 
will consequently influence the overall confection thermal behavior. The thermal behavior 
of the representative commercial confections does not mimic the thermal behavior of the 
model system. The discrepancy between the thermal behavior of the model system and 
representative confections is likely due to formulation and moisture content variation. 
Additionally, only one data point was used to represent each stage of sugar cooking for the 
model system. Ideally, there would be a range of data points (e.g., different model system 
ratios, different model system formulations) for each stage, to better represent the range of 
thermal behavior each stage exhibits.  
Figure 2.6 shows the thermal behavior differences between the model system and 
representative confections broken down into each confection. The soft ball confections are 
spread in terms of Tg midpoint and moisture content. Of the three soft ball confections, the 





the fondant sample has a higher Tg midpoint and lower moisture content value. Although 
the two fudge samples are not from the same manufacturer, their formulation and 
processing are likely similar enough to exhibit similar Tg midpoint and moisture content 
values. The fondant sample had a similar Tg midpoint value to the model system, yet a 
much lower moisture content value. While the fudge samples had much lower Tg midpoint 
values to the model system, yet similar moisture content values. The firm ball confections 
have similar Tg midpoint values, though slightly differing moisture content values. Their 
formulation seemed to have a direct impact on their Tg midpoint and moisture content, as 
varying amounts of corn syrup and different types of lipids were utilized in these 
confections.  Overall, the firm ball confections have lower Tg midpoint values, yet similar 
moisture content values to the model system. The hard ball confections are spread in terms 
of Tg midpoint and moisture content. This stage exhibits the largest range of moisture 
content values. There are many types of confections categorized in this stage such as: 
marshmallow confections, gummy/jelly confections, and candy corn which is a mallow 
crème. The confections in this stage have particularly complex formulations, including 
gelling agents such as gelatin and varying amounts of amorphous and crystalline content. 
Overall, the hard ball confections have much lower Tg midpoint values and a larger range 
of moisture content values than the model system. The soft crack confections have similar 
Tg midpoint values, though slightly differing moisture content values. This is likely due to 
differences in aeration for the taffy samples, and formulation differences across all soft 
crack samples. There were differences in corn syrup content between the samples and 
other ingredients such as nonfat milk, egg whites, modified soy protein, and other lipid 





higher range of moisture content values than the model system. The hard crack confections 
have similar Tg and moisture content values to one another and to the model system. They 
all have simple formulations that do not differ too much from the model system 
formulation.   
Future Work 
The research described herein is an initial assessment of the thermal behavior of the 
stages of sugar cooking and representative commercial confections, but more research is 
needed. Fully understanding the thermal behavior of the stages of sugar cooking would 
require additional analysis, as there are many influential components such as moisture 
content, amorphous content, and formulation. Future work can include altering the ratios 
of formulation (sucrose to corn syrup, solids to moisture) of the model system to obtain a 
thermal behavior range for each stage of sugar cooking. The model system used a 70:30 
ratio of sucrose to corn syrup and 70:30 ratio of solids to moisture; future work could 
expand to a 90:10 to 10:90 ratio to broaden the range of thermal behavior within each 
stage of sugar cooking. This may result in more similarity between thermal behavior of the 
model system and representative confections. Additionally, altering the model system 
formulation to include other commonly utilized confectionery ingredients, such as other 
sugars and sugar alcohols and/or gelatin, could yield a thermal behavior profile that better 
represents a wider variety of confections.  
The textural behavior differences between confections underscores the substantial 
role that formulation and moisture content play on confection thermal behavior, as the Tg 
is related to solid mobility in the sample. For example, Jolly Rancher and Dum Dums are 





Rancher has a much lower Tg value around room temperature that exhibits a broader ΔTg, 
resulting in an initially hard texture that softens through sucking and mastication. On the 
other hand, Dum Dums has a higher Tg value above 40 °C, and retains its hard and brittle 
texture throughout sucking and mastication. Also, Jolly Rancher is stickier to the touch than 
Dum Dums. Preliminary informal sensory testing showed that consumers do notice a 
texture difference between Jolly Rancher and Dum Dum texture during consumption; more 
formal sensory testing should be run to further support these results. Texture analysis of 
the confections and model system could provide further insight into the effect of thermal 
behavior parameters on the overall texture. Sensory analysis could be carried out to 
correspond with the texture analysis, as texture is especially important for consumer 
acceptance during sucking and mastication. Some preliminary work has been started to 
explore the moisture sorption profiles of the model system and representative commercial 
confections to provide deeper insight into physical property differences between the two.  
2.5 Conclusions 
 The model system Tg midpoint increased from thread to hard crack stage, as 
expected due to the increased cook temperatures and decreased moisture content. The Tg 
midpoint and moisture content relationship was nearly linear, with a smaller change in Tg 
midpoint observed between thread and soft ball stage in comparison to the change in Tg 
midpoint between the other cooking stages. The Tg midpoint and cook temperature 
relationship was nearly linear, with a smaller change in Tg midpoint observed between soft 
crack and hard crack stage in comparison to the change in Tg midpoint between other 





solids increasing at higher temperatures. Sucrose and corn syrup have humectant 
properties, promoting the retention of water.  
For the representative commercial confections, an overall increase in Tg midpoint 
and decease in moisture content was observed from soft ball to hard crack, though the 
changes were not proportional nor did they strictly follow the order of the stages of sugar 
cooking. The Tg midpoint and moisture content of representative commercial confections 
did not correspond with that of the model system. Hard ball confections had a lower Tg 
midpoint and higher moisture content than the model system hard ball and firm ball stages. 
Hard crack confections had a similar Tg midpoint and moisture content to the model 
system. Additionally, the moisture content of hard crack confections did not vary more 
than a few degrees, while confections within the other stages exhibited a wider range of 
moisture content. The ΔTg (Tg endpoint-Tg onset) of certain confections were larger than 
other confections, based on their formulation. Corn syrup is known to lower the aw of a 
system, while it also can broaden the Tg range by introducing sugars with a broader 
molecular weight than sucrose. A confection’s Tg will reflect a mixture of the ingredients’ 
individual Tg values, thus, additional amorphous materials beyond sucrose in a confection 
can broaden the Tg. The thermal behavior differences between the model system and 
representative commercial confections are primarily driven by moisture content and 
formulation differences. Additionally, the presence of crystalline material and lipids will 
affect the confection’s overall Tg by altering the moisture content in the amorphous 
portion. This can be referred to as the “effective moisture content.” Typically, moisture 
content is considered as total moisture over total mass. Theoretically, with the presence of 





entire mass of the confection, rather just the non-crystalline, non-lipid portion, or the 
amorphous portion. This would yield an effective moisture content with a higher value 
than the given moisture content since the mass of the amorphous portion would be lower 
than the total mass once the crystalline material and lipids were disregarded. Therefore, 
the higher effective moisture content will decrease the Tg. A general trend seen with the 
representative confections were that the Tg values were lower than the model system. The 
stages of sugar cooking date back to the 17th century and have evolved to include 
representative confections in each stage. It is unknown exactly when the representative 
confections were added to the characterization system, therefore, modern day confections 
may not accurately reflect the stages of sugar cooking as defined by representative 
confections. Confection formulations have changed over time with commercialization and 
development of new ingredients to increase palatability and decrease pricing. Many types 
of confections have a range of textures, and therefore, a range of Tg values (i.e. soft and 
hard caramels, taffies, and toffees). The aforementioned future work will focus on further 
analyzing the various factors, such as moisture sorption behavior, that influence confection 
thermal behavior to provide deeper insight into thermal behavior differences between the 
model system and representative commercial confections. Additionally, future work will 
focus on correlating confection thermal behavior to other important parameters relating to 
texture and sensory. Furthering understanding of the thermal behavior profile of the stages 
of sugar cooking will strengthen its scientific foundation and value as a tool for producing 
sugar-based confections. Thermal behavior profiles can be applied to strategic formulation 
and processing to obtain desired final quality attributes of a confection, such as: stability, 





2.6 Figures and Tables 
 
 
Figure 2.1. Example model system DSC curves for each stage of sugar cooking.  
 


































Figure 2.3. DSC average Tg Midpoint versus cook temperature for model system. 
 





































































Figure 2.5. Average Tg midpoint versus moisture content for model system (diamonds) and 









































Figure 2.6. Average Tg midpoint versus moisture content for model system (diamonds) 
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Table 2.1. Ingredient list and quantities for model system formulation. 
Ingredient Quantity (g) 
C&H cane sucrose 225 
62 DE corn syrup 120 
Triple-filtered tap water 114 
 
Table 2.2. DSC testing procedures for each sample. 
DSC Testing Procedure Samples 
Low Temperature All 
High Temperature Bit-O-Honey, candy corn, CBPB fudge, circus peanut, FM fudge, 
fondant, gummy bear, jelly bean, Laffy Taffy, marshmallow, Pez, rock 
candy, salt water taffy, toffee, Tootsie Roll, Werther’s hard caramel, 
Werther’s soft caramel 
Heat-cool-heat Bit-O-Honey, butterscotch hard candy, candy corn, Dum Dums, 
fondant, Kraft soft caramel, Laffy Taffy, peanut brittle,  toffee, 
Tootsie Roll, Werther’s hard caramel, Werther’s soft caramel      












aw Tg onset 
(°C) 




14.62 ± 2.39 0.625 ± 0.00 -32.45 ± 5.12 -26.85 ± 4.92 -21.19 ± 4.77 0.74 ± 0.08 
Soft Ball  
115 °C 
11.07 ± 0.91 0.570 ± 0.01 -23.24 ± 6.33 -18.76 ± 5.41 -12.44 ± 4.53 0.76 ± 0.06 
Firm Ball  
120 °C 
8.52 ± 0.85 0.510 ± 0.01 -4.38 ± 0.78 0.70 ± 1.06 5.79 ± 1.41 0.82 ± 0.02 
Hard Ball 
125 °C 
6.40 ± 0.84 0.484 ± 0.00 6.33 ± 0.50 11.73 ± 0.47 17.14 ± 0.53 0.82 ± 0.04 
Soft Crack  
135 °C 
4.51 ± 0.48 0.457 ± 0.01 22.79 ± 2.75 28.07 ± 2.81 33.34 ± 2.89 0.78 ± 0.03 
Hard Crack  
150 °C 
2.76 ± 0.22 0.397 ± 0.01 40.07 ± 2.36 41.74 ± 2.24 43.42 ± 2.19 0.82 ± 0.03 
 
 
Table 2.4. Literature values of moisture content for stages of sugar cooking (Just a Pinch Recipe Club LLC 2012, Science and 
Food 2014, Visionlearning Inc 2014, Vox Media Inc 2014, Exploratorium 2015, Sarah Phillips Inc 2016).  
Stage Moisture Content Range 
%wb 
Thread 15-20% 
Soft Ball 13-15% 
Firm Ball 8-10% 
Hard Ball 8-10% 
Soft Crack 5-8% 









Table 2.5. Average moisture content, aw, and Tg parameters with standard deviations for amorphous confections. 
 Confection Moisture 
Content (%wb) 












 Kraft Soft Caramel 7.41 ± 0.56 0.535 ± 0.00 -27.97 ± 1.10 -16.46 ± 0.86 -10.64 ± 0.98 0.36 ± 0.02 
Werther’s Soft 
Caramel 








Peep 14.24 ± 0.17 0.566 ± 0.02 -38.38 ± 2.85 -32.10 ± 2.25 -25.97 ± 1.97 0.69 ± 0.11 
Marshmallow 14.67 ± 0.04 0.601 ± 0.01 -33.37 ± 2.77 -25.77 ± 1.99 -18.10 ± 1.81 0.47 ± 0.05 
Gummy Bear 15.82 ± 0.60 0.648 ± 0.00 -33.47 ± 1.25 -25.16 ± 0.65 -16.86 ± 0.50 0.77 ± 0.03 








Salt Water Taffy 8.40 ± 0.05 0.459 ± 0.01 -17.03 ± 1.69 -7.86 ± 0.94 1.08 ± 1.53 0.65 ± 0.13 
Laffy Taffy 5.18 ± 0.55 0.431 ± 0.02 -16.05 ± 2.34 -6.16 ± 2.25 3.58 ± 2.71 0.55 ± 0.10 
Toffee 7.09 ± 0.14 0.440 ± 0.02 -18.70 ± 1.98 -5.81 ± 0.80 8.97 ± 2.77 0.84 ± 0.08 








Jolly Rancher 2.45 ± 0.89 0.276 ± 0.01 9.36 ± 2.54 23.49 ± 0.55 37.70 ± 2.06 0.77 ± 0.02 
Werther’s Hard 
Caramel 
1.46 ± 0.05 0.342 ± 0.02 42.01 ± 0.78 43.83 ± 0.42 46.24 ± 1.61 0.42 ± 0.05 
Peanut Brittle 0.72 ± 0.25 0.200 ± 0.01 40.15 ± 5.70 45.42 ± 1.63 51.22 ± 5.40 0.74 ± 0.14 
Butterscotch Hard 
Candy 
0.09 ± 0.02 0.125 ± 0.00 49.00 ± 2.49 51.42 ± 1.27 54.60 ± 2.35 0.84 ± 0.07 





Table 2.6. Average DSC Tm parameters with standard deviations for crystalline confections. 
 Confection Moisture Content 
(%wb) 











4.12 ± 1.43 0.498 ± 0.01 127.96 ± 2.27 166.31 ± 0.38 108.68 ± 4.19 





























Table 2.7. Average moisture content, aw, % amorphous material, Tg parameters, and Tm parameters with standard deviations 












































































































































































































Table 2.8. Summary of moisture content, water activity, % crystallinity, and Tg values from the literature. Unless otherwise 
noted, the Tg values were determined using DSC. If provided in the reference, the Tg location (onset, midpoint, or endpoint) is 




aw % Crystallinity Tg (°C) References 
Fudge 6-18 0.45-0.60 0-30 - Ergun and others 2010 
Fondant 10-18 0.65-0.80 50-60 - Ergun and others 2010 
Caramel 6-18 0.45-0.60 0-30 - Ergun and others 2010 
- - - -22.1 to -14.5 (midpoint) Ahmed and others 2006 
7.9-13.3 - - -37.2 to -13.3 (onset) Barra and Mitchell 2013 
- - - -14.8 to -12.3, DMA Chung and others 1999 
Marshmallow 15-18 (ungrained), 5-
10 (grained) 
0.60-0.75 0-20 - 
Ergun and others 2010 
19.5 - - -45 Lim and others 2006 
- - - -40, method not indicated Hartel and Nowakowski 2016 
Gummy/Jelly candy 8-22 0.50-0.75 0 - Ergun and others 2010 
18-20 - - 
-40 to -30, method not 
indicated 
Hartel and Nowakowski 2016 
Taffy 4.5-9 - - - Ruffinatti 2006 
Toffee 6-18 0.45-0.60 0-30 - Ergun and others 2010 







2.1-5.1 (commercial) - - 
22.4-53.2 (onset), 39.0-
67.8 (endpoint) 
Smidova and others 2003 
2.5 (commercial) - - 
35.36 (onset), 35.85 
(midpoint), 36.37 
(endpoint) 
Reinheimer and others 2010 
- - - 
26 (Jolly Rancher), 42 
(LifeSaver) 
Hartel and Hartel 2014b 
- - - 
25-45, method not 
indicated 
Roudaut 2007 
- - - 
30-45, method not 
indicated 
Hartel and Nowakowski 2016 
Soft panned coating 3-6 0.40-0.65 60-75 - Ergun and others 2010 
Tablet 0-1 0.40-0.75 75-95 - Ergun and others 2010 


















 Cool Bliss Popped Bliss Fudge -58.56 8.79 
Fannie May Fudge -58.38 7.08 







 Kraft Soft Caramel -27.97 17.33 
Werther’s Soft Caramel -22.10 21.60 








Peep -38.38 12.47 
Gummy Bear -33.47 16.61 
Marshmallow -33.37 15.27 
Jelly Bean interior -24.83 17.38 
Circus Peanut -20.68 15.68 








Toffee -18.70 27.67 
Salt Water Taffy -17.03 18.11 
Laffy Taffy -16.05 19.63 








Jolly Rancher 9.36 28.34 
Peanut Brittle 40.15 11.07 
Werther’s Hard Caramel 42.01 4.23 
Dum Dums 48.82 6.16 




















Table 2.10. Comparison of average moisture content, aw, and Tg parameters between model system (M) and confections (C) by 
stages of sugar cooking. 




Tg endpoint (°C) ΔCp 
(J/g °C) 
Thread M 14.62 0.625 -32.45  -26.85  -21.19 0.74 
C       
Soft Ball M 11.07 0.570 -23.24  -18.76  -12.44 0.76 
C 8.67 0.727 -51.25 -45.66 -39.91 0.11 
Firm Ball M 8.52 0.510 -4.38 0.70 5.79 0.81 
C 7.65 0.527 -23.62 -13.20 -4.79 0.57 
Hard Ball M 6.40 0.484 6.33 11.73  17.14 0.82 
C 10.70 0.568 -27.49 -19.35 -11.12 0.48 
Soft Crack M 4.51 0.457 22.79  28.07 33.34 0.78 
C 7.18 0.433 -13.82 -5.04 4.25 0.60 
Hard Crack M 2.76 0.397 40.07  41.74 43.42 0.82  
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Appendix A: DSC Testing Procedure Example DSC Curves 
 
Figure A.1. Low Temperature DSC testing procedure example curve with data anchors and 
glass transition labeled. The sample was equilibrated at -80°C, held at -80°C for 5 min, and 






Figure A.2. High Temperature DSC testing procedure example curve with data anchors, 
glass transition, and melting peak labeled. The sample was equilibrated at -80°C, held at -






Figure A.3. Heat-cool-heat DSC testing procedure example curve with data anchors labeled 
and glass transition and physical aging annotations. The sample was equilibrated at -80°C, 
held at -80°C for 5 min, heated at a rate of 5°C/min to 80°C, held at 80°C for 1 min, cooled at 
a rate of 5°C/min to -50°C, held at -50°C for 5 min, and heated at a rate of 5°C/min to 95°C. 
First heat shown in red (furthest left line), cooling shown in purple (top line), and second 







Figure A.4. Amorphous Content DSC testing procedure example curve with data anchors 
and amorphous content annotations. The samples were equilibrated at -80°C, held at -80°C 
for 5 min, heated at a rate of 5°C/min to an observed temperature past the sugar melt peak 
from a previous test (typically 185°C), held there for 1 min, cooled at a rate of 5°C/min to -
50°C, held at -50°C for 5 min, and heated at a rate of 5°C/min to 95°C. First heat shown in 
red (furthest left line), cooling shown in purple (top line), and second heat shown in blue 




















Appendix B: Confection Lipid Melting Points 
Table B.1. Melting points of sample confection lipids (Basiron 2005, Patterson 2009, 
Nichols and others 2010, Tunick 2010, Ruguo and others 2011, Firestone 2013, Talbot 
2014, Roos and Drusch 2016). 
Lipid Melting Point (°C) 
Beeswax, white 85-87 
Beeswax, yellow 67-70 
Canola oil -20 
Carnauba wax 82-86 
Cocoa butter 35 
Coconut oil, hydrogenated 33-35 
Cottonseed oil, hydrogenated 58-70 
Milk fat -35-38 
Palm oil 33-40 
Palm kernel oil 26 
Palm kernel oil, partially hydrogenated 32-41 
Safflower oil -5 








Appendix C: Model System Example DSC Curves 
 
Figure C.1. Thread stage example DSC curve with Low Temperature DSC testing procedure 






Figure C.2. Soft ball example DSC curve with Low Temperature DSC testing procedure 







Figure C.3 Firm ball example DSC curve with Low Temperature DSC testing procedure 







Figure C.4. Hard ball example DSC curve with Low Temperature DSC testing procedure 







Figure C.5. Soft crack example DSC curve with Low Temperature DSC testing procedure 







Figure C.6. Hard crack example DSC curve with Low Temperature DSC testing procedure 

























Figure D.1. Bit-O-Honey example DSC curve of Heat-cool-heat DSC testing procedure 
applied with average Tg midpoint and annotations. First heat shown in red (top line) and 








Figure D.2. Butterscotch hard candy example DSC curve of Heat-cool-heat DSC testing 
procedure applied with average Tg midpoint and annotations. First heat shown in red (top 








Figure D.3. Candy corn example DSC curve of Low Temperature (green, bottom line) and 
Amorphous Content (red-top line, blue-middle line) DSC testing procedures applied with 
average Tg midpoint, average Tm onset, average Tm peak and average % amorphous 
content. Desiccated sample used for amorphous content (red-top line, blue-middle line) 







Figure D.4. Cool Bliss Popped Bliss Fudge DSC curve of Low Temperature (red, bottom line) 
and High Temperature (blue, top line) DSC testing procedures with average Tg midpoint, 
average Tm onset,  average Tm peak, and annotations. Desiccated sample used for high 







Figure D.5. Circus peanut example DSC curve of Low Temperature (green, bottom line) and 
Heat-cool-heat (red-top line, blue-middle line) DSC testing procedures with average Tg 
midpoint, average Tm onset, average Tm peak, and average % amorphous content. 
Desiccated sample used for heat-cool-heat (red-top line, blue-middle line) testing 







Figure D.6. Dum Dum example DSC curve of Heat-cool-heat DSC testing procedure applied 
with average Tg midpoint and annotations. First heat shown in red (top line) and second 







Figure D.7. Fannie May fudge example DSC curve of Low Temperature (red, bottom line) 
and High Temperature (blue, top line) DSC testing procedures applied with average Tg 
midpoint, average Tm onset, average Tm peak, and annotations. Desiccated sample used 







Figure D.8. Fondant example DSC curve of Heat-cool-heat DSC testing procedure applied 
with average Tg midpoint, average Tm onset, average Tm peak, and annotations. First heat 







Figure D.9. Gummy bear example DSC curve of Low Temperature DSC testing procedure 






Figure D.10. Jelly bean interior (red, bottom line) and exterior (blue, top line) example DSC 
curve of Low Temperature (red, bottom line) and High Temperature (blue, top line) DSC 







Figure D.11. Jolly Rancher example DSC curve with Low Temperature DSC testing 







Figure D.12. Kraft soft caramel example DSC curve with Heat-cool-heat DSC testing 
procedure applied with average Tg midpoint and annotations. First heat shown in red (top 








Figure D.13. Laffy Taffy example DSC curve with Heat-cool-heat DSC testing procedure 
applied with average Tg midpoint and annotations. First heat shown in red (top line) and 






Figure D.14. Marshmallow example DSC curve with Low Temperature DSC testing 








Figure D.15. Peanut brittle example DSC curve with Heat-cool-heat DSC testing procedure 
applied with average Tg midpoint and annotations. First heat shown in red (top line) and 






Figure D.16. Peeps example DSC curve with Low Temperature DSC testing procedure 







Figure D.17. Pez example DSC curve with High Temperature DSC testing procedure applied 






Figure D.18. Rock candy example DSC curve with High Temperature DSC testing procedure 






Figure D.19. Salt water taffy example DSC curve with Low Temperature DSC testing 







Figure D.20. Toffee example DSC curve with Heat-cool-heat DSC testing procedure applied 
with average Tg midpoint and annotations. First heat shown in red (top line) and second 







Figure D.21. Tootsie roll example DSC curve with Low Temperature (red, bottom line) and 
High Temperature (blue, top line) DSC testing procedures applied with average Tg 
midpoint, average Tm onset, average Tm peak, and annotations. Desiccated sample used 







Figure D.22. Werther’s hard caramel example DSC curve with Heat-cool-heat DSC testing 
procedure applied with average Tg midpoint and annotations. First heat shown in red (top 







Figure D.23. Werther’s soft caramel example DSC curve with Heat-cool-heat DSC testing 
procedure applied with average Tg midpoint and annotations. First heat shown in red (top 
















Table D.1. Representative commercial confections’ brand/manufacturer and ingredients 





Bit-O-Honey Pearson Candy 
Company 
corn syrup, sugar, nonfat milk, 
hydrogenated coconut oil, almonds, and 
less than 2% of honey, salt, egg whites, 
canola and/or safflower and/or palm oil, 
modified soy protein, natural flavor, TBHQ 
and citric acid (to preserve freshness) 
Butterscotch Great Value 
brand for Wal-
Mart Stores Inc 
corn syrup, sugar, salt, artificial flavor, 
yellow 5, yellow 5, red 40 
Candy Corn Ferrara Candy 
Company 
sugar, corn syrup, confectioner's glaze 
(shellac), salt, dextrose, gelatin, sesame oil, 
artificial flavor, honey, yellow 6, yellow 5, 
red 3 





Circus Peanut Impact 
confections, INC 
sugar, corn syrup, gelatin, high fructose 
corn syrup, yellow #6, artificial flavor 
Dum Dums Spangler Candy 
Company 
sugar, corn syrup, citric acid, malic acid, 
salt, artifical flavor, color added (includes: 
red 40, yellow 6, yellow 5, blue 1) 
Fannie May Fudge Fannie May sugar, corn syrup solids, sweet chocolate 
(sugar, chocolate liquor, cocoa butter, soy 
lecithin (an emulsifier), vanilla, partially 
hydrogenated palm kernel oil with soy 
lecithin, cocoa, chocoalte liquor, sorbital, 
salt), water, brown sugar, non-fat milk 
solids, cream powder, invert sugar, salted 
butter (cream, salt), potassium sorbate, 
vanilla flavor (water, propylene glycol, 
ethyl alcohol, artificial flavorings, caramel 
color) 
Fondant Fondarific sugar (sugar, powdered sugar), partially 
hydrogenated palm kernel oil, non-fat dry 
milk, soy lecithin, artificial flavor, cane 
sugar, cornstarch, glucose fructose, water, 
salt, vanilla, butter flavor, titanium dioxide, 









Table D.1. (cont.)  
 
Gummy Bear Haribo of 
America INC 
glucose syrup, sugar, gelatin, dextrose, 
citric acid, corn starch, artificial and 
natural flavors, palm kernel oil, carnauba 
wax, white beeswax, yellow beeswax, 
yellow 5, red 40, blue 1 
Jelly Beans Jelly Belly Candy 
Company 
sugar, corn syrup, modified food starch, 
contains 2% or less of the following: peach 
puree concentrate, blackberry puree, 
strawberry purree, blueberry puree, 
raspberry puree, strawberry juice 
concentrate, apple juice concentrate, 
banana puree, plum juice concentrate, 
cherry juice concentrate, chocolate liquor, 
cocoa butter, soy lecithin (an emulsifier), 
coconut, lemon puree, orange puree, lime 
juice concentrate, tangerine juice 
concentrate, watermelon juice concentrate, 
grapefruit juice concentrate, pineapple 
juice concentrate, cantaloupe powder, 
pomegranate juice concentrate, pear juice 
concentrate, kiwi juice concentrate,  
mango puree, mango juice concentrate, 
passion fruit juice concentrate, citric acid, 
fumaric acid, lactic acid, malic acid, 
phosphoric acid, ascorbic acid, sodium 
lactate, sodium citrate, cocoa powder, 
natural and artificial flavors, coffee, color 
added, red 40 lake, yellow 5 & 6 lake, blue 
1 & 2 lake, yellow 5 & 6, red 40, blue 1 &2, 
tumeric (color), vegetable and fruit juice 
(color), tapioca dextrin, vanilla beans, 
beewax, carnauba wax, confectioner's 
glaze, salt, caffeine  
Jolly Ranchers Hershey 
Company 
corn syrup, sugar, contains 2% or less of: 
malic acid, natural and artificial flavor, 
artificial color (red 40; blue 1; yellow 5; 
yellow 6); mineral oil; soy lecithin 
Kraft Soft 
Caramel 
Kraft Heinz Foods 
Company 
corn syrup, sugar, skim milk, palm oil, 
whey (from milk), salt, artificial and 








Table D.1. (cont.)  
Laffy Taffy Nestle corn syrup, sugar, palm oil, and less than 
2% of mono- and diglycerdies, 
hydrogenated cottonseed oil, malic acid, 
salt, soy lecithin, natural flavors, blue 1, red 
40, yellow 5 
Marshmallows Nice! Walgreens corn syrup, sugar, dextrose, modified 
cornstarch, water, contains less than 2% of 
gelatin, tetrasodium pyrophosphate 
(whipping aid), natural and artifical flavor, 
blue 1 
Peanut Brittle Old Dominion 
Peanut Company 
corn syrup, sugar, peanuts, bicarbonate of 
soda, salt 
Peeps Just Born sugar, corn syrup, gelatin, contains less 
than 0.5% of the following ingredeints: 
potassium sorbate (a perservative), 
natural flavors, carnauba wax 
Pez Pez Candy, Inc. sugar, corn syrup, adipic acid, 
hydrogenated palm kernel and palm oil, 
mono and diglycerides, natural and 
artificial flavors, aritifical colors FD&C red 
3, yellow 5, yellow 6, blue 2 
Rock Candy Candy.Com pure cane sugar, less than 2% of the 
following, natural, and artificial flavor, US 
certified color (Red 3, blue 1, red 40, 
yellow 5, yellow 6), caramel color, titanium 
Salt Water Taffy Nice! Walgreens corn syrup, sugar, palm oil, chocolate 
liquor, mono and diglycerides, citric acid, 
soy lecithin, salt, natural and artifical 
flavors, colors added (titanium dioxide) 




corn syrup, condensed product (skimmed 
milk, sugar, milk why, vegetable fat, 
lactose), sugar, hydrogenated vegetable fat, 
milk whey, cocoa butter equivalent, milk 
powder, cocoa mass, water-retaining agent 
sorbitol, cocoa powder, emulsifier soy 
lecithin, E473 distearat sucrose, cocoa 








Table D.1. (cont.) 
Tootsie Roll Tootsie Roll 
Industries LLC 
sugar, corn syrup, palm oil, condensed 
skim milk, whey, malic acid, artificial and 
natural flavors, soy lechithin, aritificial 







glucose syrup, sugar, condensed skim milk, 
palm oil, sorbitol syrup humectant, cream, 
condensed whey, butter, whey product, 
salt, cane sugar syrup, soy lecithin 






Sugar, glucose syrup, cream, condensed 
whey, butter, cane sugar syrup, salt, soy 
lecithin emulsifier, artificial flavor  
 
